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FOREWORD 


The rapid growth of scientific agriculture owes in no small measure 
to the application of modern statistical methods in agricultural research. 
Sound and valid conclusions specially in biological experiments are 
possible only when they are based on sound statistical methods. 


With the advent of the University of Agricultural Sciences, con- 
siderable volume of research particularly in field experimentation in 
Agricultural Research Stations has been in progress. Jt is necessary 
for our research workers to think in terms of planning and conduct 
their field experiments to collect reliable information on accepted 
scientific principles. The research workers engaged in field experi- 
ments often experience great difficulty in planning such experiments 
and analyzing their own data by using modern statistical concepts. 
The present book expounds the sound principles of experimental designs 
in a non-mathematical language with extensive illustrative examples 
of step-wise analysis for each design. I am glad the authors have drawn 
material for their illustrations from research data collected by our 
research workers at various Agricultural Research Stations in the 


State. 


I fervently hope this book will amply fill the longfelt need for a 
suitable publication exposing in lucid terms the statistical methods in 


designing and analyzing field experiments. 


The authors Dr. N. Sundararaj, Associate Professor of Statistics 
in the University, Mr. S. Nagaraju, former Assistant Statistician 
in the University and presently working as Statistician in the Indian 
Plywood Research Institute, Bangalore, and Messrs. M. N. Venkata 
Ramu and M. K.. Jagannath, Assistant Statisticians deserve to be 
congratulated for bringing out such a valuable publication for the 
benefit of research ‘workers in the University and elsewhere. The 
efforts of Prof. B. V. Venkata Rao, Editor of University Publica- 
tions in promoting this venture are commendable. 


N. P. PATIL 


Director of Research 
University of Agricultural Sciences 
Bangalore 
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CHAPTER 1 
BASIC CONCEPTS IN STATISTICS 


1.1. DEFINITION AND SCOPE 


Broadly speaking, statistics is that branch of scientific methodo- 
logy which deals with collection, compilation, analysis and 
interpretation of observational data for drawing sound and valid 
conclusions. Itis a rapidly growing science promoting a new way of 
thinking in terms of probabilities rather than certainties to be associated 
with any form of scientific conclusions. In scientific enquiries —...--. 
it has long been concerned with measuring the amount of information 
and the strength of inference obtainable from observations’’.?° 


Modern statistics covers a wide range of methods suiting varieties 
of purposes. It no longer remains either at the mere descriptive level 
of dealing with methods of expressing a mass of data in summary forms 
through diagrams and charts so as to bring out a few interesting points 
otherwise obscured in the vastness of data, or is it a ‘bag of mere 
arithmetical tricks’ used for manipulating the data. Statistical theory 
of testing hypotheses, for instance, is a new development and provides 
a forceful logic in drawing scientific conclusions based on experi- 
mental results—a process which enables us to reject hypotheses that 
are incorrect. The theory and method of statistical hypotheses provide 
‘tests of significance’, so as to minimise the risk of committing the 
two types of inferential errors, viz., (1) Rejecting a hypothesis when, 
in fact, it is true and (2) Accepting a hypothesis when, in fact, it is false. 
Theory of sampling, on the other hand, is another branch of statistics 
that deals with correct way of selecting sample units to permit a valid 
extension of conclusions from sample observations to population from 
which the sample is drawn. Design of Experiments 1s yet another 
branch of statistical methodology that delineates the basic principles 
of scientific experimentation. It provides a kind of statistical reason- 
ing and a body of principles for designing and executing experiments 
that should be free from bias, that should have sufficient accuracy to 
accomplish the desired objectives with a sufficient scope for proper 
generalizations. Sequential Analysis and Statistical Decision theory 


are recent developments in the field of statistical experimentation and 
decision-making. 


The aim of the present book is to deal mainly with elements of 
designing and analysis of field experiments. The present chapter 
together with the next two chapters, intends to provide some basic know-. 
ledge about certain statistical terminologies and its methods for under- 
standing the principles of experimental designs and the method of 
analysis presented in subsequent chapters. 7 
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1.2 SomME BAsIc CONCEPTS 


Variables.—A variate or a variable is a quantity that varies from 
observation to observation. When it takes on successive values, includ- 
ing fractions, it is said to be continuous, otherwise it is discontinuous 
or discrete. A variate is generally represented by a symbol like X, Y 
or Z. If, for instance, X stands for length of plant, X can take any 
value, integral or fractional. Then X is said to be a continuous vari- 
able. On the other hand, if X stands for number of children in a family, 
or number of successes in games, X is obviously a discrete or a discon- 
ree variable since X cannot take fractions like half-success or half- 
child. 





Variables can also be classified as independent and dependent vari- 
ables. Quite often an experimenter introduces certain variables deli- 
berately to study their effects. Such variables are called independent 
variables. Variables whose values are determined as response values 
as a result of the independent variables are called the dependent or 
response variables. For instance, in a spacing trial, spacing 1s an 
| independent variable whose effects are to be studied, say, on the time 
iF taken for flowering or the yield of a crop. Then the yield or ‘time of 
flowering’ will be the dependent variable. 


} | ) 
Wy 1.3. POPULATION AND SAMPLE 


} _ A population or universe is a general term used in statistical litera- | 
f ture to signify an aggregate of individual units. Such populations can 
{| be real biological populations, e.g., population of human beings, popu- 
lation of animals, etc., or some other set of definite measurements like 
body weight of animals, a set of plant heights or even the possible esti- 
mates of quantity. It can be finite or infinite. A population is said 
to be finite if the number of units in it is limited, otherwise it is infinite. 


| A sample, as a contrast with population, is a part of population. 

i It is in one sense a miniature population from which we draw inferences 

N about its parent population. Sound and valid inferences about the 

population from its sample are possible only if the sample is represen- 

5 tative of that population and its method of drawing unbiased. A 

if sample is said to be a random sample if each unit in the population 

has a predet:rmined chance of selection. If it ensures, for instance 

an equal chance of selection for every individual unit, it is said to 
be an equal probability sample. A number of methods of drawing 
samples is available to make it more representative and unbiased in 
its selection. 


1.4 PARAMETERS AND STATISTICS 


Quantities that characterise a population are called parameters. 
Thus the arithmetic mean of the lengths of earhead population for a 
wheat crop is a parameter characterising that population in terms of 
mean length; or a correlation coeflicient which indicates the degree 
of relationship between, say, length of earhead and weight of grain 
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ulation of earheads is another parameter which charac- 
a eet and degree of relationship between wren two joins 
teristics. Thus there can be other parameters also. gor ogous = : 
ties defined for a sample are called statistics. Thus the mean lengtl 
of carheads computed from a sample of observations 1s rs peg 
Similarly, the correlation cocflicient between length of earhead an 
the weight of grain yield for a sample ts another statistic. 


It is important to note that for a given population and a given 
characteristic there can be only one value for the parameter while one 
can think of any number of estimates of that value from different sam- 

les. Good samples give rise to good estimates of sample statistics 
for the population parameters. — Since the true value of population 
parameters can never be known in practice, only their estimates are to 
be made from samples drawn from that population. The whole effort 
in statistical methodology goes to see that the sample statistic 1s a 
best estimate of its corresponding parametric value. 


1.5 FREQUENCY TABLE 


A frequency table is a device which meaningfully summarises a 
mass of observations in a tabular form so as to bring out the essential 
information contained in it (Table 1.2). It shows, infact, how many 
number of observations fall in different class ranges or class intervals. 
It shows, further, the general tendency of observations in their pattern 
of distribution where they cluster most and where they do not. 


The accuracy of further calculations performed on a frequency 
table depends largely on the accuracy with which such a table is con- 
structed for an observed set of observations. An excellent discus-zion 
governing the construction of frequency tables is given by. Yule and 
Kendall in their book “An Introduction to the Theory of Statistics.?3° 
Normally, the number of class intervals should not be below ten or 
above thirty. A useful rule of thumb proposed by Yule for deter- 
mining the number of class intervals is?®: 


Number of classes == 2-5 (number of observations)4 (1.1) 


___ Hf the value from this formula turns out to b l 
hp does, it is rounded off to the nearest podhal pon Once 
Poster i. of class intervals is found out, the wids/; of a class interval 
a le : ermined by dividing the range (7.¢., the difference betw 
cae Ses and smallest numbers in a set of obs his 
mber of class Intervals, — 


Table 1.1 hat : 
-1 gives the heights of 250 
selected for Ghomibirlo measurements fe Plants (dwarf variety) 
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| TABLE 1,1 
Heights of 250 paddy plants (dwarf variety) recorded in a varleta| irlal 


SY wc RA it iy en a in a a PTE + oe 














Sl. Height SI. Height SI. Height 
No. © in cm. No. in cm, No, in crn. 
(1) (2) (1) (2) (1) 2) 
| 
| l 77°6 42 85-2 83 119 
2 79-7 43 7165 84 20-6 
3 816 44 78 +0 85 2-9 
4 77°+4 45 79 +8 86 0-4 
5 83-6 46. 82-0 87 84-() 
6 80-3 47 81-8 88 86-4 
7 71-6 ‘48 84-0 89 77-5 
8 81-2 49 84-2 90 82-7 
9 82-4 50 90-3 9] 83-7 
10 85-0 Tce 81-0 : 92 17-4 
1] 82-6 52 84-6 93 83-8 
12 75-3 53 81-6 94 84-9 
13 82-3 54. ‘16-0 95 81-0 
]4 78-0 55 85-8 96 74-8 
15 88-2 56-1 1796 97 86-1 
16 90:0 57 ay if 98 83-7 
17 86-7 58 88-0 99 80-3 
18 :75 +0 O5QOT. at QS oF 100 79 -6 
19 80°7 60 79-8 101 88-8 
20 a de ee 776 102 75-4 
21 8328 62. 79 +3 103 78-3 
79 80-8 63. 85-8 104 SS +2 
(23 85-8 64 — 83-6 105 $62 
JA...» 80:5. 65) yh yy 8205, 106 80-2 
25 81-2. 66. 80-8 107 $28 
26 75 +8 67) 84+8 108 77-0 
27 85-3 68 85+3 109 79.2 
28 85-4 69 82+3 110 77°4 
29 83-8. 70 80-4 111 83:7 
30 78-0 7] 87-8 112 82+] 
3] 81-8 71D. 78 +2 113 76:0 
: 139 78-6 73 79-3 14 83:0 
33 75 +8 74 7565 L15 S08 
34 79 +8 75 81-8 116 87.9 
35 85-8 76 73 °6 117 86°7 
36 81-6 | ie 72+4 118 80°7 
37 80-4 78 82-() 119 7809 
38 84-3 79 80-2 120 88-0 
39 76°5 80° 83:8 121 83.4 
40 79 «4 81 82°94 122 $253 
Al 77°5 82 85°6 123 QS v4 
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$j als to 2°5 (250)4 
ata the number of class intervals works out to. 250) 
ore ur ppg teasers ten, The width of the class interval js 


given by: 

; Range | 
Width of the class interval = Number of class intervale 
salmaaa 


= 1-84 or 2 (approximate). 

Table 1.2 summarises the data of Table 1.1 in the form of a 
frequency table with ten class intervals, having each class interva] 
of two cm. width. 

TABLE 1.2 


Frequency distribution of heights of paddy plants for data in Table 1.1 
(Height in cm:) 


ipa ee 


Class interval Mid-point Frequency 
(1) 2 | 
_ ee ee, 
71-73 | 72 5 
73-75 | 74 | 8 
75-17 76 18 
771-79 78 30 
79-8] 80 44 
81-83 82 | 52 
83-85 84 | 40 
85-87 86 34 
87-89 «88 iG IS 
89-91 00 4 
Toray... Eg 


Note—Upper coincident values with class boundaries are always included in 
the lower class interval. £.g., an observed value of 77 Cm. 18 included in the Class 
interval] 1-79, instead of in 73-77, 


. tk 


SS ee hue 
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[tis clear from the table (mid-values) that the heights of paddy 
plants of dwarf variety vary approximately from 71cm. to 91l-cm., 
80 per cent of them having heights from 77-87cm. | 


q .6 GRAPHICAL REPRESENTATION OF FREQUENCY DISTRIBUTION: - 


However well the observations may be tabulated in an effort to 
summarise the data, the figures in a tabular form may convey little 
or nothing to persons who do not have an ‘ eye’ for them. Graphical 
representation of the same, for instance, may largely facilitate to under- 
stand better about distribution of observations. This is facilitated by 
representing the frequency distribution in the form of two types of 
graphs—Histogram and Frequency Polygon which are commonly 


employed. 


1.6.1 Histogram 


A histogram is a graphical device for summarising the data in 
the form of a graph. Histogram is constructed by erecting rectangular 
bars whose heights are proportional to the Class-frequencies.* The width 
of the bar signifies the length of the class interval. -For the data given 
in Table 1.2, for instance, a histogram is drawn in Fire, 1.1. 


HISTOGRAM 


FREQUENCY 
= > w 
Oo oO OO 


(e 


PADDY HEIGHTS IN cm. 
Fic. 1.1 


Figure 1.1] shows how -the yalues are distri | 
: istributed and prese 
useful picture of the information contained in the data. tr ataabod 


EE eee 


tp ae a 
This is true if the Class intervals are of equal width, otherwise the heights 


of the rectangular bars aj 
Class-frequencies, © Ste such as to make the area (base x height) equal to the 
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1.6.2. Frequency Polygon 


A frequency polygon is another graphical device for summarising 
the data. A line diagram obtained by joining the mid-points of the 
rectangles of a histogram results in a frequency polygon. The fre- 
quency. polygon for the data of Table 1.1 is shown in Fig. 1.2, 


FREQUENCY POLYGON 


FREQUENCY 





72 74 #76 78 + «2&0 
PADDY HEIGHTS IN cm. 


Fic. 1.2 


However, frequency polygon may also be drawn independently 
without drawing a histogram first and then joining the mid-points 
of its rectangular bars. For this, mid-point values are marked on a 
suitable scale along the horizontal line and then points are plotted verti- 
cally above them at heights proportionate to the frequencies of those 
class intervals. Then the frequency polygon is obtained by serially 
joining these points. | 


1.6.3 Frequency Curve 


A smooth curve can, of course, be obtained from the frequency 
polygon by smoothening the angularities in the frequency polygon. 
The smooth curve thus obtained is called a frequency curve, which is 
a continuous curve showing the nature of distribution of observations. 
In fact, if we imagine the width of the histogram to become smaller 
and smaller and the number of observations larger and larger (thereby 
including all possible values), the line joining the ends of such a histo- 
gram would tend to become a smooth curve.. Such a smooth curve 
is called a frequency curve. Figure 1,3 shows a smooth curve super- 
imposed over the histogram for data of Table 1.2. 


1.7 MEASURES OF CENTRAL TENDENCY AND DISPERSION 


Any mass of data in its disarranged form will not give any 
meaningful picture by itself and we have seen that frequency table and 
its graphical representations are but devices to bring a kind of order 
in the data, But these are not sufficient in themselves, 3 | 
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Figure 1.4, for instance, represents the frequency curve for plot 
yields for two varictics of paddy—Taichung-65 and a Jocal variety. 


FREQUENCY CURVE FOR 250 HEIGH)S OF PADDY 
PLANTS 














FREQUENCY . ' 
Po 
NL 
as *| 
ees 24 
‘= 
<— rata 
tar 
l | 





PADDY HEIGHTS IN cm. 


Fic. 1,3 


The comparison of the. two curves in Fig. 1.4 might give rise to 
the following kinds of general impression concerning the performance 
of the two varieties. 3 


FREQUENCY 


LOCAL VARIETY 





3:56 ~ : 61I9 iC ND 
PLOT YIELOS IN KG, 


Fic. 1.4 


8-02 


__ (@) Variety Taichung-65 has a general tendency to sive hich 
yield than the local variety as judged from the eaAorce of the Aeon ar 
tions of Taichung-65 to cluster around a higher value of 7-14 kg. as 
compared to the value of 5:25kg. for local variety, ) 


(5) Variety Taichung-65 seems to be More dependable wi 

, e with } 
sleet — local oe as judged from ths exces of ge te re 

. Ss whicn seeins to be narrower for Taichune- -19-8- , 
than for local variety (3-56-7-82 kg.). or Taichung-65 (6-19-8-02 kg.) 

No doubt t 


obyiously lacks his type of inference may be a useful information, but 


Precision in judgement, being governed by the skij]. 
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and experience of the person who docs il, pageions yoo tes aN 

to be more precise and quantify, (a) and (4) so as de pirat objec- 
tive and valid comparisons. Measures of central ten vai fg , casures 
of dispersion are, infact, measures to express respective y eS Jocation | 
and the amount of ‘variability’? or ‘‘spread’’ in quantitative terms, 


1.7.1 Measures of Central Tendency 


Any measure of central tendency, if it were to indicate the general 
tendency of all observations to cluster around it, should perform 
one important function, viz., it should be a representative one for all 
the observations. The efficiency of such a measure lies in how well 
it does this function of group representation. The simple 
arithmetic mean of the observations, for instance, can perform such 
a function. In the extreme ‘case when all the observations are 
identical the arithmetic mean would ideally represent all the observa- 
tions. The representative function of the arithmetic mean is still good 
when the observations are not widely different from one another. In 
other words, greater the variations among the observations lower will 
be the representative nature of the arithmetic mean. For such situa- 
tions other averages like Mode, Median, etc., are devised to perform 
efficiently the function of group representation. In this section we 
shall concern ourselves more with arithmetic mean though the other 
averages will also be dealt with if not in detail. 


1.7.2 Arithmetic Mean 


Having seen the functional role of arithmetic mean in the con- 
densation of data let us proceed to understand the method of com- 
putation of arithmetic mean when the data are available in grouped 
or ungrouped forms. The arithmetic mean or simply the mean is the 
sum of all the observations divided by the total number of observations. 


Symbolically 


Arithmetic Mean xX = st 


EX 
ks i - O55 


where Xy, X,,... X, are the values of n observations and the symbo} 

2'’’ merely stands for the summation Operation, For the ungrouped 
data presented in Table 1.1 the sum of all the 250 observations is 
found to be 20400-1 cm., so that the AM js given by 


a 20400: 1 | Paty 
A= 50 — = 81-60 om. 
1.7 . Method of Computing Arithmetic . Mean (Ungrouped 
ata : | | ae 


The labour involved in the computation of arithmetic mean can 
be greatly saved by resorting to the -method of coding, by coding each 


{ 
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value of X into a new value and then determining the arithmetic mean 
of the new set of coded values. The procedure is illustrated through 
the following examples :— 


Example 1: It 1s required to compute the arithmetic mean of 
the following ten values representing the plant weight of red-clove 
plants. 


Original values in grams (X) 254, 263, 266, 259, 337, 277, 289, 
254, 265, 253. 


Direct method.—The direct method of computation of arithmetic 
mean leads to the value given by 
254-+-263-1-266-+-259 +-337--277-+-2894+-254+-265+253 
perenne gcnnaenerenrenenee Ros teeta ae 


! 


Al 


2717 
=a = ZI Lt, 

Coded method.—Subtract a common value, say 250, from each of 
the above ten values. If we designate the new values as d, then 
d= X — 250. The new values will then be 4,13, 16, 9, 87, 27, 39, 
4,15, 3. The arithmetic mean of the d-values is then found to be 
5 Od ane fp IS 2.” nn. 

eas | Seite | tec 
Remembering that from each value we have subtracted 250, the 
required arithmetic mean in terms of the original X values is simply 
the sum 250 + 21:7 = 271-7 as before. In general, if Ais the arbit- 
rary value subtracted from each X, then d= X—A and the arith- 
metic mean is given by the relation: 


X=d+A. (1.3) 


Example 2: To find the mean grain yield in kg. ! 
based on the following ten sheocessinhs | Be ESE Ee OF YeNem 


X: 2400, 2500, 2300, 2200, 2800, 2200, 2100, 2600, 2800. 2900 


The above ten values can be transformed into a new 
: Set of 
values by subtracting first a common value, say 2000 (though hsllgeorr 
value is equally valid), and then dividing the resulting value by 


say, 100. oli if] i 
- Ys Lae acne this would transform the original X value into 


q— X—2000 | 
100° e 
The new set of values will then be 
4, 5, 3, 2,823, 1-68 9 
The arithmetic mean d will then be 


@att5+...4849 48 
10” Se 
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In order to get the arithmetic mean in terms of original Values, 
all that we have to do is to reverse the process in proper order. Remem- 
bering that we first subtracted 2000 from each value and then divided 
each resulting value by 100, the reversal of the procedure in the proper 
order requires first multiplying d by 100 and then adding 2000 to the 
resulting value. Symbolically, this is indicated by 


X = 100d + 2000 
100 (4-8) ++ 2000 = 2480. 


This can be easily verified to be true by computing the arithmetic 
mean of the original values directly. 
> 2400 + 2500+ ... +2900 24800 2480 


08 eg er ae 


as before. 


In general terms, if A is the common value subtracted from each 
of the original values X and if c is the common dividing number of 
each resulting value (X — A), then the relationship that indicates the 
new value dis given by 


X—A 
ae 


If d is the arithmetic mean of the coded values of d, the formula 
for computing the arithmetic mean in terms of the original values is 


given by — 


d= 





X=cd +A. © (1.4) 
1.7.4 Computation of Arithmetic Mean by the -Method of Code 
(Grouped Data) — | | 


The above method may be used in the computation of arithmetic 
mean when the data are in tabular form. For the sake of illustration 
of the method, the data of Table 1.2 are reproduced in Table 1 .3. 


The various steps involved in.the computation, of arithmetic mean are: 


Step 1: Write down the mid-value of each class interval as in 
column 2. — | : : 


Step 2: Choose any mid-value such as 82 and mark it as zero. It 
would generally be profitable to choose this mid-value as the one having 
the highest frequency though any other value is equally valid. 


Starting from this mid-value mark off serially the larger mid-values 
as +1, +2, +3, etc., and the smaller.mid-values as —1, —2, —3, etc. 
Designate the new transformed values as d as shown in column 4. 


Note.—The procedure employed in Step; 2 transforms each X value into a new 
value d by the relationship: d= (X—A)/c = (X—82)/2 where 
¢ = width of the class mterval, , 
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TABLE 1.3 


Computation of arithmetic mean for the data of Table 1.2 
(eight in cm.) 





NES 




















Class interval aieepoent Frequency eB A 
(c) (x) Y ey 
Ney ne hn eer ees 
1-73 2 5 oS. 3s 
73-15 Hh. at 
A5Th. 716 18 ras i a, 
717-719 | an eee Ree 
79-81 80 440 tl 5 — 44 
81-83 82 ae ee 0 2 
o.:, ae 84 A hs ea + 40 
85-87 86 934 sty, + 68 
87-89 88 yi 45 +3 + 45 
89-91 , 90 | 4 +4 + 16 
Total of Positive Terms it. iz ae es 169 
Total of Negative Terms sis. RBCS EY = —215 
Net Total °° SERRAPE gah — 46 


i a aac nee ae 
Step 3: Multiply each d value by its correspondin freque 

obtain the product fd as in column 5. ' iy } 2 ne Of 
Step 4: Next compute the sum of all the values in | 

Any possible arithmetical error can be avoided ‘by obtaining poco 


the positive and negative sums and. then findin 
| : th | 
In the above example d= — 215+ 169 — — 46. | eir resulting sum, 


Step 5: Find. the ari i l ) 
7 arithmetic mean d by div 
the total number of observations Jf in column 4, 


afE _ Ab 


ae 750 = —(0:184., : m — 


iding this sum Zfd by 
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Step 6: The required arithmetic mean X is obtained from tp, 


formula 
X=cd +A 
= 2(— 0-184) 4+ 82-00 
= 81° 63. 


1.7.5 Weighted Arithmetic Mean 


In certain situations We have to find the average of several numbers 
or values obtained under identical conditions and which are not 
of equal significance and importance. In such cases we find the correct 
average by a method known as weighting. We associate with our 
original values or numbers certain weights depending upon their 
| importance of significance. We then multiply each number by its weight 
5 and add the products. The sum of the products is then divided by the 
| sum of the weights to obtain the correct weighted average which js 
More representative than simple average. Symbolically a weighted 


arithmetic mean is given by. 


= a WX, 

X= Sry (1.4) 
where X,...X,, are original values, W,...W,, are the corresponding 
weights associated with the original values. The arithmetic mean com- 
puted for values in Table 1.2, for instance, can be conceived as a sort 
of weighted average where the mid-values X, (72) X, (74) ..., etc., have 
respective weights: 


whi (5) we (8 
bi Sar 0 0) We = $% (555) ++ ete. 


The following is another illustration to show the weighted mean 
as an appropriate average. 


Example: Two experiments conducted on IR-§ gave rise to 
average yields of 20 and 30kg. per plot. The average yield in Experi- 
ment | was based on 20 plots while the average yield in Experiment 2 
was based on 5 plots only. It is now required to combine the informa- 
tion to determine the average yield capacity of IR-8 per plot. 


The experimenter, at first thought, might think of finding the 
simple average of 30 and 20kg, to obtain the average yield of IR-8 
per plot. This average works out to (30 -+ 20)/2 = 25kg. per plot. 
But intuitively it is clear that this is not so since the two averages are 
i based on different number of observations. The two evidences have 
| | got to be weighted with proportionately greater importance placed on 
Hil the evidence of the first experiment since the information is based on a 

| 
| 








larger number of plots, in fact, 4 times more thanin Experiment 2, The 
weightage to be given for the two averages will have therefore to be 
in the ratio 20:5 (number of plots). That is, | 


20 


70 5 080 





| 
é 
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and 


5 ee ‘ 
We = ayjrg 7 0120. 


The weighted average will then be, 


& WiXy + WaXa (0:8) » (20) 4 (0-2) x 30) _ 99 y 
Wy Wa OS O32 Oe ME 

This weighted average of 22 kg. per plot is intuitively correct 
also. Further, the correct average based on all the yields also works 
out to 22 kg. as can be seen from what follows: 


Total yield from 20 plots in Experiment | = 20x20 = 4(0}g. 
do. 5 do, 22 30K 35= 150 kg. 


a eT oy asian nies CS OE OEE Oe ~_— 


Total yield from 25 plots of both experiments = 400+ JG = 550kg. 


Average yield = oF a 22 KE 


1.7.6 Median 


For many occasions arithmetic mean serves efficiently the 
purpose of group representation. However, there are certain types 
of data, especially involving extreme values when arithmetic mean may 
not be suitable. For instance, the number of caterpillars counted in 
7 observational plots in a Cardamom Research Station are observed to 
be: 


2, WO, 7 y4255,385.00 Gnd? 


The arithmetic mean of these is 13 and obviously does not repre- 
sent the true situation since 5 of the 7 observations fall below this 
number. This is because the value of arithmetic mean is affected by 
the presence of the extreme values like 25 and 35. On the other hand, 
a value like 9 which is the middle-most number when the observations 
are arranged in an order (decreasing or increasing) seems to serve the 
function of group representation better. In this case half the number 
of observations would be above this value and half below it. This 
middle-most value in an ordered series of observations, which shows 
the central tendency for all observations, is called the Median. The 
value of median is not affected by changes in the extreme values as, for 
instance, the median in the above case would. still be 9 if 35 were 
350. When the number of observations is even, the median is the 
average of two middle-most values when the values are arranged in 
an increasing or decreasing order. 


Different methods for the computation of median in the case of 
grouped and ungrouped data are available in any of the elémentary 
books on Statistics, 


1.7.7 Mode 


“Mode is another useful measure commonly used to obtain a quick 
estimate of central tendency. It is defined as ‘‘the most fashionable 


ee eee 
me ei a i >. Th aad ese 


- 
et i a Be ante a Sain a 
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value** which shows the repeated occurrence of a particular value in 
a set of observations. For instance, in Table 1.2, the most frequently 
recorded height of plant is about 82cm, since 52 observations out of 
250 fall in the class range 81-83em, When the data are represented in 
a graphical way (Fig. 1.1) the mode is casily located as that value 
(82cm.) for which the frequency attains the peak, 


1.7.8 Quartiles 


Just like the median dividing a sect of observations into two equal 
classes (50 per cent. below it and 50 per cent above) we can also think 
of other values which would divide the set of observations into two 
classes of desired proportions. For instance, we can determine a vaJuc 
say Q, which would divide the observations. into two classes in such a 
way that the 25 percent of the observations is below Q, and 75 per 
cent above it; or another value Q, which divides the observations into 
two classes such that 75 percent of the observations is below Q, and 
25 percent above it. This means Q,; and Qs together with the median 
divide the whole set of observations into four quarters such that each 
quarter contains 25 percent of the observations. In particular, Q, 
is called the /ower quartile and Q4, is called the upper quartile. Alter- 
natively, they may be called 25th and 75th percentiles respectively. 
For the sake of uniformity median may also be designated as Q, or 
50th percentile. vs | 


1.7.9 Measures of Dispersion or Variation 


We have seen that a measure of central tendency is a typical value 
representing the entire group. It is, in fact, analogous to centre of 
gravity in physics—a unique balancing point of a number of individual 
points. In this sense it is called a measure of location which fixes the 
distribution. How well an average—especially the arithmetic mean— 
represents all other observations, depends upon how well the othe: 
values are close to it; in the extreme case, when all values are identical] 
or near-identical, arithmetic mean represents the entire group perfectly. 
In other words, it is necessary to know how the other values are 
‘scattered’ or ‘dispersed’ around the mean so as to make a more 
meaningful interpretation of the average. It is possible, for instance, 
many varieties of the same crop might give rise to the same average 
yield, while one variety may be less variable than others. Table 1.4 
typifies such a situation wherein threc varicties of paddy give 
rise to the same average yield of 13 quintals per acre, though they differ 
widely in their variations of the yield. 


TABLE |.4 
Variety 1: 9, 13,17, 11, 15, 18, 11, 19, 13, 13 
Mean = 13, Range (18 —9) = 9 quintals 
Variety 2: 15, 3, 7, 21, 16, 12, 4, 30, 9, 13 
- Mean = 13, Range (30 —3) = 27 quint: s 
Variety 3: 11, 12, 14, 15, 13, 12, 13, 14, 13, 13 
Mean = 13, Range (15 —11) = 4 quintals 
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As can be seen from Table 1.4, the mean yield of each variety is 
the same, viz., 13 quintals per acre, but still the varieties show differences 
in the yield-variations. This 1s obvious immediately from the range 
values, as judged from the difference between the maximum yield and 
the minimum yield in each case. By this we see that, even though the 
three varieties give rise to the same average yield, Variety 2 1s widely 
variable ranging about 27 quintals while Variety 3 is the least variable 
with a variation of about 4 quintals and is therefore the most depen- 
dable one of the three varieties. In other words, the above example 
demonstrates the necessity for devising measures to measure the extent 
of variability among.the observations for a more meaningful compari- 


sons among the averages. 


Many measures of variability or dispersions are proposed. Range 
itself is one such measure which is widely used when the number of 
observations is quite small. But it is a weak measure in the sense that 
itis nota stable measure. Itmight changeits value considerably when 
any one or both the extreme values are left out. Further, it takes into 
consideration only these two extreme observations to the exclusion of 
all other observations contributing to the information on variability. 
The other measures of variability are: : 


(1) Average Deviation or Mean Deviation (AD or MD). 
(2) Quartile Deviation or Semi-Inter-Quartile Range (Q). 
(3) Standard Deviation (SD). 


Of the three measures mentioned above, the Standard Deviation 
or SD is the most important one. We frequently meet with this 
measure in all subsequent chapters when more about it will be 
known. It is a measure which plays a great role in all branches of 
Statistics. However, the other measures will also be treated in this 
section, though not in detail. | 


(1) Average or Mean Deviation—The average or Mean Deviation 
as the name suggests, is the arithmetic mean of deviations of individual 
observations from their arithmetical mean, ignoring their signs. Sym- 
bolically, 


AD = Ee Sed Dai d B ve +|X,—X| 


2 |X,—X been 
— 71%) (1.5) 


n 


\ 


where X,, X,,... X, stand for the measured values of n observations 
and X is their mean. 


The two parallel lines | |, enclosin jati j 
ihe ° al | I, g the deviation, merely im 
that = resulting deviation (be it positive or negative) be copsideres 


ae) rat 
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as a deviation with positive sign only; or otherwise mere sum of the 
deviations with their proper signs will invariably add to zero, and 
therefore their average too. In order to overcome this, the signs are 
ignored while computing the average deviation. This might, at first 
thought, appear artificial, but a little pondering will convince this is 
not so, because when an observation deviates from the mean, it is a 
deviation from the mcan be it positive or negative. The positive or 
negative sign merely shows the direction of such a deviation and does 
not contribute anything towards measuring the magnitude of variability. 


The above formula measures the amount of variability in a set 
of observations; greater the value of AD, greater the amount of 
variability present in the observations. The AD for the three varieties 
given in Table 1.4 are: i ! 14. ! 

For Variety 1: } ao, ABYC aN 

1/10 [| 9—13|-+ | 13—13 |-+|17—13|+]| Lb Sap | + | 15—13] 
+- [18 —13|-++|11—13|-+ |L0—13] + [13 —13|-F [13-13] 


22 ae: 
——_ =—%7. 1 
i0 = 2 2 quintals. 


For Variety 2: ee eae Ce ee ee ae 
1/10[| 15—13 | + | 3-13 | + | 7-13] + | 21-13 | + | 16—13] 
+ |12—13]+| 4—13|+]30—13]-+ |9—13]+]13—13]] 


60 : gays 
oe 6 i ana 2 


For Variety 3: 


1/10[| 11-13 [+] 12-13 [+] 14-13 [+] 15—13 |-£|.13—13 | | 
+ [12—13]+|13—13] + |14—13]+ |13—13]+ |13—13]] 


8 ; 
aS 0-8 quintals. 


From the values of average deviations for the three varieties it 
is clear that Variety 3, on an average, varies less than a quintal from its 
mean value of 13 quintals, whereas the variability in the case of Variety 
1 is approximately thrice that of Variety 3, and the variability of Variety 
2is nearly eight times that of Variety 3 and three times that of Variety 1. 


_JIn other words, Variety 3 is the most dependable one, being the least 


variable variety with regard to its yield variation. 


Computation of Average Deviation for Grouped Data,—In the above 
example, we have seen the method of computation. of; AD . when_ the 
data are ungrouped. The procedure for computing the average devia- 


tion in the case of grouped data is slightly different. Steps involved 
in its computation are illustrated for the data of-Table 1.2,~which is 


reproduced in Table 1.5, 


ae 
we 
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TABLE 1.5 


Computation of average deviation by coded method, for grouped data 
in Table | 








Class interval X (f) IX \X—X| f |(K—X)| 
1 2 3 | 4 5S | 6 

ee 
71-73 72 5 3600 963 48-15 
73-75 74 8 592 7+63. 61-04 
15-11 76 18 1368 563 101-34 
71-19 78 30 2340 = 3-63 - 108-90 
79-81 80 44-3520 1-63 71-72 
81-83 82 52: 4264... - 0-37. 19-24 
83-85: 84201440. | ...3360. 2-37 94-80 
85-87 86 : 34. «=—S«2924 4:37 148-58 
87-89 88 1S. 13206886 6+37!s ves +. 95955 
g9-91 90 860 BT 38M 
Tora 22022) 899508 8 > 204080, 789-80 
Step 1: Write down the mid-value X for each cles interval as 


in column 2. 


Step 2: Multiply. sank, mid-value x by its, correspondin freau 
f to get f x in anime 4, | Pp § iTeq ency 


Compute re arithmetic mean xX from ‘the formula 
2 , : 


ee 0408 _ 
> Ta : 


Step 4: Write down the deviation of: each ‘mid-value x from the 
mean X to at |X — X]|, by ignoring the Sign (column 5). 


‘Step Sp ' Multiply’ each deviation |x—X | by its comesponding 
frequency f to get f| XK—X'| as in column 6. 


. Step 6 
2°80. 


an Befo® AM te values in otomn 6 fo get the otal 271 KR 
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Step 7: Divide the sum 3f| X—X| = 782-80 by 2f=— 250 to 
get the value for AD © iy 


__af|X—X| _ 4. 
(2) Quartile deviation.—(Q) Quartile deviation, also called” Semi- 
[nter-Quartile range, is another useful measure of variability. Larger 
the variability present among the observations, larger will be the value 

of Q. The computational formula for Q is given by: | 
Q — Qs — Qi (1 .6) 


3 
Z 





| where 
Ihe | Q = Quartile Deviation. 
| Q, = Upper quartile, i.e., the 75th percentile above which 25 
| per cent of the observations. lie. Oo 
Q, = Lower quartile, i.e., the 25th percentile D 
cent of the observations lie. . 
If, for instance, we ‘have two sets of observations for which Q = 10 
and Q = 16, then the variability of observations in Set II is relatively 
more than in Set I.:« Ph a *Y ve 


‘One: of the chiefiadvantages of quartile deviation is it is less 
influenced by the extreme values in the series. For instance, the 
Average Deviation is affected by the absolute magnitude of each value 
-in-the series, whereas the quartile deviation,. like the median is affected 
only by the position.in an array:of each item in the series, rather than 
its absolute magnitude. ee 


elow which 25 per 


, (3) Standard deviation.—It was pointed out.under Average.Devia- 
tion that, because the sum of all deviations from the méan_ invariably 
tends to be zero, the variability present in the observations could® be 
determined by considering the absolute values of the deviations. Yet 
another way of overcoming this difficulty of positive and negative signs 
is to square each deviation to make it always positive—be it a positive 
or negative deviation so long a deviation is a measure of: variability. 
The average of such squared deviations can serve as a measure of varia- 
bility or dispersion. Since such a quantity would be in squared units 
(analogous to area expressed in square units such as square feet for 
instance) the positive square-root of it is taken as a measure.of disper- 
sion or variation. Such a measure known as Standard Deviation is 
now expressed in original units. Another name for this measure’ is 
called root-mean-square deviation about the mean. The square of 
the standard deviation, that is, the value before taking the square-root, 
is called variance. The standard deviation is generally written as SD 
In its shortened form. — ‘ aa 


~ Of the three measures—AD, Q, SD—SD is the ‘most “commonly 
used for many of its mathematical propeities useful in further treatment 


OB BBS] 4 a. \. q ‘Ys pane 
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rti lear in subse- 

me of its most revealing properties will be c 
flags ror The SD is generally denoted by the symbol o (read 
Fa Bi ma) when it stands for the value of the population parameter. 
Rat at le statistic it is denoted by s, which serves as an 


However, as 4 samp 
estimate ‘of ao since the latter is unknown. 


hall now proceed to give different methods of computation 
of Pd tandenl deviation for grouped and ungrouped data along with 


afew of its properties. 
Computation of standard deviation for ungrouped data.—As defined 


above, the’SD is the positive square-root of the average of sum of 
squares of deviations of all observations from their mean. Symboli- 


cally, | | 
(X, —X)? + (Ke— XP? + --- + — X)’ 
| where X,, X., .... X, are m observations and X their arithmetic 
: mean. The same formula can be written in the shortened form, viz., 
| eco 
: _ V)2 
| SD = fs x) | 4.7) 


Example 1: The following values represent the protein per cent 
in a sample of wheat crop: ! 7 


15:0, 16-8, 14-2, 12-2, 13-6, 16-2, 14-0, 12:3, 9-7 and 16-0. 


Step 1: Find ‘the arithmetic mean of all observations: 

Wi ae, 

.  - 10 
Step 2: Find the deviation of each observation from X and com- 

pute sum of their squares to get 2(K — X)?: | 
2 (X — X)? = (15 — 14-0)? + (16-8 — 14-0)? + ... 
+ (16-0 — 14-0)? = 42-50. 

Step 3:- Divide this sum 42:50 by the number of observations 


2(X— XP _ 42-50 


n =—a9° 2s: 


Step 4: Find th tt : 
3 to al SD ind the positive square-root of the above Value in Step 


— 5021 tie 
sD = [FRR 2273 206, 
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j:/7-:10 Effect of Change of Origin and Change of Scale on SD 


The value of standard deviation does not alter if a common value 
is subtracted (or added) from each observation. However, when every 
observation is multiplied (or divided) by the same quantity the SD 
also gets multiplied (or divided) by the same quantity. 

Example 2: (Effect of change of origin). 


Subtracting a common value, say, 12 from each of the 10 observa- 
tions in Example 1 the new values are: 


3°0, 4-8, 2-2, 0-2, 1°6, 4:2, 2-0, 0-3, —2°3, 4-0. 
(Note.—Each new value is given by the relation d= X — 12.) 


The same Steps 1 to 4 of Example 1 are employed for the new set 
of values to obtain the SD 

Step 1: Find the arithmetic mean of d values: 
oP te Ble ert de ef 


Step 2: Find the deviation of each d from d. Square such devia- 
tions and find their sum: * 


+ gt cs 


Le. 
& (d — d)* = (3°0 — 2.0)? + (4:8 — 2.0)? + ... + (4:0 — 2.0)2 
= 42-50. 


Since this value is the same as obtained under step 2 in Example 1, 
Steps 3 and 4 result with same value 2-06 as before. 


Example 3: (Effect of change of scale). 


Multiplying each value in Example 1 by a constant number, say 
10, resulting in the new values, given below: 


150, 168, 142, 122, 136, 162, 140, 123, 97 and 160. 


-Itcan now be shown that the value of SD als nit 
by the same number 10. | oan | © gets multiplied 


To compute the SD.repeat Steps 1 to.3 
set of values. 2 ps i to3 of Example 1 for the new 


Step 1: 
Step 2: 


2(X — X)? = (150 — 140 + (168 — 1402+... 
+(160— 140). 
= 4250, | eo 


Step 3: 


eee arma 10° ) i, ie Mord 


% ( \s x)? 1250 
is ay ‘ peonepan 
ben De : 7: : i rh nf 10 20: 6. 


- (Notice that SD got multiplied by 10). 





The above properties of . SD may be conveniently - ca for the 
comoubatlan of SD when one has to deal with Later observations. 


4.7.11 Working Formula for Standard Deviation 


There is a direct and easy method for computing the ‘SD especially 
when the sample size is large. ‘The sum of the squares of deviations 
of observations from their arithmetic mean can also: be. obtained. in 
another way using the following formula: 

i ag 
re X)?2 = Lee : 7 (1.8) 


Example 4 Tais method is employed for the same Peovetlaer 
made TOEAL CINE protein content on wheat samples (Example 1). 


"Step 1: Find the sum of all observations to “get 2X: 
BK = 15-04+16-8 4+» 1680 140; 


Step 2. Square each observation and find their sum. to get 2:-X2: 

© EX# = (15-0)? + (16-8)* + +++ + (16-0)? = 2002-50. 

Step 3:.. Square the term =x obtained in Step 1 and then es 
the result by n, the number of observations, to get (2 se Lie ies 


(2X)? = (140)... = 1960. 


: n | 210" 

Step 4; Compute k wn 
LSD x? — kes = 2002-50 — 1960-00 = 42-50. 
This gives 


zx X= 42. 50, e 


_ [Note this value is the same as obtained in’ -exaiples (1)' aiid @), | 


25 YESH ars oe 
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Step oh Divide this sum 42°50 by n, the number of observations se 
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Step 6: Find the positive square-root of the value obtained Under 
Step 5 to get SD: | 


sD = [X= = W425 = 2-06. 


This formula is convenient to use when one has the facility o¢ 
a calculating machine. The term (2X)?/n in this formula AS Called 
a correction term or a correction factor (CF) to be applied to Sy 
thereby implying that the variability is determined from deviations 
of observations from the mean. This method will be used extensivey 
later in subsequent chapters. 


1.7.12 Computation of the SD by the Method of Coding for 
Grouped Data 
The method of computation of the SD in the case of grouped 
data by the method of coding is illustrated for the data of Table 1.2 
in Table 1.6. 








TABLE 1.6 
Computation of standard deviation by the method of coding data in 
Table 1.2 
Class interval Mid-point d Frequency Id Sa? 
(X) (f) wa 
1 2 3 4 5 6 
71-73 25> 72 anh 5 —"95:, 125 
73-75 74 —4 . . § — 32 128 
75-77 76 —3 18 — 54 162 
77-719 78 —2 30 — 60 120 
79-81 80 —1 - 44 —-44 | 44 
81-83 82 0 cs 0 0 
83-85 84 1 40 40 40 
85-87 86 rile’. 34 68 136 
87-89 88 3 15 45 135 
89-91 _ 90 4 4 16 64 


Total of positive | 
terms eG Ln ba 250 169 954 
cnc corer ror oreo re Ae fat ee 
Total of negative _ | : : 
terms oo ae i - 215 





NET TOTAL .. ‘ole 2 250 — 46 954 
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The various steps in the computation are: 


Step 1: Write down the mid-value X of each class interval as 
jn column 2. 


Step 2: Choose any mid-value such as 82 and mark it zero. It 
would be generally uscful to choose that value for which the frequency 
is maximum, though any other value is equally valid. 


Start from this value and mark all the mid-values greater than 82 
serially as +1, +2, +3..., ete. and mark the mid-values smaller 
than this 82 serially as —l, —2, —3..., etc., as in column 4. This 
step transforms each mid-value intoa new d-value by the relationship 


xX—A 
C 


d= 





where X is any mid-value, A is the arbitrarily chosen mid-value 
99 marked as ‘0’, andcis the width of the classinterval. Column 3 
thus gives the coded value for each mid-value. For instance, the mid- 
value 78 gets transformed to 


Cc. Z 
Step 3: Multiply each d-value by its corresponding frequency f 


to obtain the product fd asin column 5. (The positive and negative signs 
should be marked appropriately.) 


Step 4: Multiply each value in column 5 again by its correspond- 
ing d to get the products fd* as in column 6. (Note all values in this 
column become positive.) 


‘Step 5: Compute the sum of all the values in column 5. (Any 
possible arithmetical error can be avoided by first summing the nega- 
tive positive values separately and then to find their resulting 
sum. 


& fd = — 46. 


Step 6: Compute the sum 2 fd? by adding all the values in 
column 6. | | 


Z fd? = 954, 
Step 7: SD is computed from the formula 


SD =e 74 eer 
; n ’ 


where n= 2 f and c = class-interval. 


_. [954 = (— 46)5/(250) 
2A 250 = 24/3-816 — 0-034 


— = 2(1-9447) = 3-89, | | ; 
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1.8 COBFFICIENT OF VARIABILITY OR COEFFICIENT OF 
VARIATION (CV) 


Coefficient of variation is a useful concept in statistics, which 
measures the relative magnitude of variation present in observations 
relative to the magnitude of their arithmetic mean. It 18 defined ag 
the ratio of standard deviation to arithmetic mean expressed ag a 
percentage. 

CV (Standard Deviation o) 

(Arithmetic Mean p) 
( Standard Deviation s 


x 100 (for population) 


errs ~.--—- } & 100 (for sample estimate). 
Arithmetic Mean X ( P i 


Coefficient of variation is a unitless number, since it is a ratio of two 
numbers expressed in the same units. It can be used for comparing 
relative variabilities of two or more sets of measurements entirely in 
different units. The meaning and utility of CV can be illustrated 
through Examples 1,2 & 3. 


Example 1: In a sample of 100 earheads of Ragi, the mean length 
is found to be 8-73cm. while the variability among their lengths as 
measured by SDis found to be 1:65cm. For the same sample of ear- 
heads the mean weight of earhead and the vatiability are found to be 


—S— + 
——s~ 





7-35 gm. and 0:97 gm. respectively... oe 

It would be interesting to know whether earheads relatively vary 
more with respect to their length or to their weights. Since the two 
units of measurements are entirely different, it is not possible to compare 
directly the two SD’s for their absolute: numbers. The comparison 
may however be made through CV, since CV is a unitless number. 


For earhead length 





PANGS 100, Meee F 
eee le 
For earhead weight 
_ 9°97 x 100 | 5 
GN —Dapggrir 13-306, 


From the two percentage variabilities the earheads seer: - 
; ne c m to var 
more with respect to their length than with respect to their Weights. : 


Example 2: The following table shows the result 
ties of paddy with their mean yields and SD's.: ee Yate 


Variety Mean yield” SD | A 
In kg./acre in kg./atre 
A 2400. | 100 
Boy 1600" 100, . 


C1 00K = teg Y 
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In this example the standard deviation 18 purposely made to be 
the same in each case. Directly comparing the SD's would now lead 
to an erroncous impression that the three varictics are equally variable. 
Though this is so in absolutes units, being 100 kg. per acre in each case, 
comparison of each SD in rclation to the magnitude of its own mean 
yield, would alter this impression. In fact, it shows that Variety A is 
relatively less variable than cither of the other two varieties. The 


relative variations are: 


For Variety A: 


100 fae 
CV = samy X 100 = 4-17%. 
For Variety B: 
100 
For Variety C: 
100. | ; 
CV = 500 100 = 12-50%. 


From the three CV’s it is evident that, relatively, Variety C is 
approximately three times as variable as Variety A and twice as variable 
as Variety B. 





The concept of coefficient of variation may also be used to measure 
the magnitude. of ‘Experimental Error’ in an experiment expressed 
as a percentage of mean. 


In any agricultural experiment, such as yield trials, the observations 
are affected by a host of extraneous factors like variations in tempera- 
ture, soil fertility, microbial population, atmospheric humidity, air, 
light, etc. Sometimes it may be desirable to know the extent of their 
relative influence in affecting the mean yield. ‘The relative error in the 

_ estimated mean’can be gauged in terms of coefficient of variation. 
Consider the following example. | | 


Example 3: The: following data show the yield of wheat in ten 
plots during harvest. The yields in kg. are: | 


12, 8, 9, 13, 16, 7, 8, 13, 15, 19. Mean yield = 12 kg./plot. 


aN _ The variation in yield in different plots is evidently a result of a 
- host of extraneous factors since all the plots are sown with the same 
variety. Under certain conditions, their influence can be measured in 

© terms of the SD of these measurements. The SD is found to be 

_ 3-77kg./plot. The percentage. variation due to extraneous factors - 


“¢ 


aie . a = ¥ my ua OF Saas ~ i rat ; : % 
OA gE 
ra . at : fs 

es h 4 














> he Fata St, 
ats PS tm Se . 
pen 
Seu ; \ab hp 
a, ip of 
ayy. i lity 
ae | Sarath 
Seer 
| ; 


» expressed as a percentage to ‘the mean yield, 1S given by s/ X (100) or 
© 100(3-77)/12 = 31-41 per cent. In other words, the _ relative 
» Magnitude of ‘ experimental error” in the experiment, relative to the 
| mean is about 31 percent. This concept will be used quite frequently 
> inlater chapters to measure relative magnitude of error in experiment, 


: S- ¥ z 
eh 
if 


———- 


ee 
a 


re oe 


a 
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Coefficient of variations will also be useful in determining, in 
advance, the number of observations 1 required in an experiment to 
ensure a predetermined degree of precision. 


1.9 STANDARD ERROR AND RELIABILITY OF SAMPLE MEANS 


On page 2, we have seen the difference between population and 
sample and that sample is a miniature population, from the study of 
which we intend to generalize about the population. If, for instance, 
one wants to know the average height of a dwarf variety of paddy 
plant, the investigator would not think of measuring the height of every 
plant in the population, for the very notion of such an approach is 
both prohibitive and undesirable. On the other hand, he prefers to 
choose a sample of such plants from among a large population of plants 
and then measure the heights of these sample plants so selected to 
determine the average height of a plant. He will probably take care 
to avoid any possible bias in the selection of such plants so that the 
mean height of the plants may be a reliable estimate of the population 
mean. For the selection of an unbiased and representative sample, 
sampling methods are available in statistics and we do not propose to 
go into the details of such methods. here as they are beyond the scope 
of this book. However, a note giving afew methods for drawing simple 
random samples is given at the end of this book to meet many of the 
practical field situations. References cited on page 3 will give a good 

account of these methods. | 


In the above example, imagine a second sample of plants is drawn. 
Assume also the size of the sample remains the same as in Sample 1. 
Now, the average height of the plants as determined from this Sample 2 
will not be the same as that given by Sample 1. In the same way if 
we imagine a third, fourth, fifth, etc., samples to be drawn from the 
same population of plants, each sample will give rise to an average 
height which will be different from one another. In other words, as 
a result of chance factors operating in the process of sample selection, 
sample means will show certain amount of fluctuations in their values 
even though they are all drawn from the same population. Of these 
sample means, some will be larger than the population mean value as 
determined for. the entire population of plants and some means will be 
smaller than the population means. Further, some will be closer to 
ro nr mean value of the population and some will be farther away 
rom it. 


For a concrete situation, imagine the heights of 250 plants of paddy 
(dwarf variety) reported in Table 1.1 to be our population of 
plants, though in practice the number might still be larger and some- 
times running into several hundreds. The average height of these 
250 plants is found to be 81-63 cm., which for our present example is 
the true value of the population. Assume further we do not possess 
any knowledge about this true population value and about which we 
are trying to infer by means of drawing a sample. In Table 1.1 
these plants are serially numbered from 1 to 250 for convenience of 
identification when samples are to be drawn. From this small] Popula- 
tion of 250 plants, suppose we decide to draw a small sample of 9 
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plants at random by the use of table of random numbers given at the 
end of this book. The sample thus drawn at random may, give rise 
to any nine plants out of 250 plants, as for instance, the nine plants 
randomly selected might posscss heights, 77:9, 80:1, 81-8, 82°4, 82-9, 
86-8. 82°9, 83°3 and 83:8, the mean of which works out to 82°43 cm. 
giving this as an estimate of population mean of 81:63cm. If now 
we draw a second sample of 9 plants, the average height of these nine 
plants might turn out to be a different value from 82-43.cm. Jn fact, 
there are many possible such samples of 9 plants, each one givng rise 
to a mean. Mathematically it may be shown that the number of such 
possible samples of size 9 runs to millions so that in all there could be 
millions of sample means as possible estimates of the population mean. 
Among these samples there are two samples, one comprising of the 
lowest 9 values of the 250 values—71°6, 72:0, 12°4, 72:9, 73-6, 73-7, 
73-7, 73°8, 74:0, giving rise to the /owest mean value of 73-08 cm. 
and another sample comprising of the Jargest nine values. giving rise to 
the highest mean value of 89-24cm. Since the investigator bases his 
experimental evidence by selecting only one sample of 9 plants, the 
mean value of this sample might range anywhere from 73-08 to 
89-24 cm. though thechances of obtaining such extreme values are also 
small. These mean values will themselves have a distribution around 
true value of population mean, with a tendency for a large number of 
them to cluster around this true value (Fig. 1.5). 


DISTRIBUTION OF SAMPLE MEANS OF ALL POSSIBLE 
> SAMPLES OF DIFFERENT SIZES AROUND THE TRUE 
POPULATION MEAN 


n=8!1,0-=20°43 
N= 49, 0-20-56 







n=25,0=078 


n=9, Co"= 130 


FREQUENCY 


Fic. 1.5 


If, on the other hand, the size of the sample to be drawn were to 
be 25 plants instead of 9, then from among all possible samples. of size 
25 plants, one sample comprising of the lowest 25 values gives rise to 
the Jowest mean value of 74:55cm. and another sample with the highest 
25 values gives rise to the highest mean value of 88-08cm.; all other 
sample means should be within these two limits. Table 1.7 shows 


such possible minimum and maximum limits for the sample means 
for different sizes of samples. 


eta dine ret 
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TABLE 1.7 


Sample mean values 


ee ct i i A Ee tle ttm 
—— ——— — - aa 


ree re ee ey rere 


eK 


Sample Lowest Highest Range 
S1ZC mcan mcan 

9 73°08 89 +24 16°16 

25 74-55 88-08 13°53 

49 75-84 86-98 11-14 

81 77-09 85-98 8 +89 








Table 1.7 reveals oneimportant point, viz., that the extreme limits 
within which any other sample mean should fall gets smaller as the 
size of the sample increases. The range of fluctuations for the 


means are shown in the last column of Table 1.7. 


DISTRIBUTION OF MEANS OF SO SAMPLES OF SIZES 
9,25 & 49 


FREQUENCY 





From Fig. 1.5, which shows the distribution of means for all 
possible samples, it should be noted that, as the size of the sample 
increases, the spread of the sample means gets narrowed so that sample 
means of larger samples are closer to the true mean value and are there- 
fore more reliable as estimates of the true population mean value. 


_ _In order to see how approximately the ideal situation represented 
in Fig. 1.5 is true in practice, actual samcling was done giving rise to 
50 samples for each of the sizes 9, 25 and 49 plants. Table 1.6 shows 
the distribution of means: of these 50 samples drawn from the popula- 
tion of 250 paddy plants with » = 81:63cm. and-o = 3-89cm: for 
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samples of sizes n= 9, 25 and 49. The same is represented graphi- 
cally in Fig. 1.6. The reader may see the closeness of the reproduction 
of the ideal situation represented in Fig. 1.5 in practice even with as. 
small a number of samples as 50. ) 


Figure 1.6 reveals (i) the sample means showa general tendency 
to cluster around the true value of 81:63 cm. (ii) this general tendency 
gets stronger as the size of the sample increases from 9 to 49. This is 


particularly revealed by the spread of these means around the true 
mean value. 


The variability present'among sample means as a result of sampling 
fluctuations can, of course, be measured by the standard deviation of 
the means in the same way as we do for individual observations, except 
in this case the individual observations are mean values themselves. 
The SD thus computed for sample means is called by a separate name, 
viz., Standard Error of mean, thereby meaning that it is not any com- 
putational error but merely a standard deviation—measuring the 
variability or fluctuations among sample means. 


1.9.1 What role does Standard Error play in the interpretation 
of arithmetic mean? Standard Error of a mean is, in-fact, a measure 
of reliability of a sample mean as an estimate of the true population. 
mean. Let us examine how this is so....We have said above that 
Standard Error of a mean is nothing but the standard deviation of 
means, which is.a measure of: fluctuations:in sample means produced 
as a result of chance factors operating in the process of sampling from 
the same population. If, therefore, Standard Error is smail, the range 
or spread of sample means around the true value will also be small 
(Fig: 1.6, m = 49) so that sample means will also be closer to the true 
value of the population. If, on the other hand, Standard Etror of 
mean is large, the range or spread of sample means will also be large, 
so that some of the sample means will be farther away from the true 
value (Fig. 1.6, 2 =9). As pointed earlier, an investigator .attempts 
to estimate the true value of the population by drawing only one sample 
of a certain size from the entire population. . Since, the selection of such 

_a Sample is purely governed by chance factors and chance factors may 
play their parts in such a way as to give rise to a sample whose mean 
- value might range anywhere between the two extreme values. specified 
ae in Table 1.7 depending upon thesize of the sample,.although chances 
ae . for such extreme samples are also small. iam ie Taste 
i a | | 













--~ For. instance, when the sample size is 81. even r 
May give rise to sample means such 
closer to the true mean value when 
73:08 or 89-24cm. for Sample sizes o 


_ estimates for mean based on sample sizes of 81 which has smaller 
_ Standard Error is ‘a ‘more reli 


on able “estimate when compared with the 
_ estimates based on sample of size 9 for which the Standard Error is 
“4 More. Further, as have already mentioned that, when the Spread is 
‘less (i.e., Standard Error is small); larger number of means show greater 
| + tendency to cluster around the true value so that the chances of a sample 
| means being closer to the true mean value will also be. greater. 


are samples. which 
as 77-09 or 85:98 cm, are. still 
compared with sample means 
{9, Hence, we infer that the 
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In Table 1.8 three frequency distributions of sample means are 
given for different sizes of sample. Column 1 gives the ranges, i.e., 
class intervals of mean values, column 2 their mid-values while column 
3 gives the distribution of 50 sample means, each sample mean being 
based on random sample of size 9 out of '250 plants. Columns 4 and 
5 give the distribution of samples means for sizes of 25 and 49 plants 


respectively. 
TABLE 1.8 


Distribution of means of 50 samples drawn from a population of 250 paddy 
plants with p = 81°63 cm. and « = 3:89 when n = 9, 25 and 49 





Number of samples of size 


Class | Mid-point 
interval of class $$ ———— 
interval 9 — 25 49 
79 +5-80:0 79 +75 1 
80-0-80°5 80-25 2 
80-5-81-0 80-75 3 4 4 
81-0-81°5 81-25 14 10 10 
_ 81+5-82-0 81-75 1 =. 26 Bes, 
82-0-82-5 82-25 13 g 7 
82+5-83-0 82-75 3 1 2 
83-0-83-5 83-25 1 yes 
83-75 2 


83-5-84-0 3 ? 
eee CU! CR 
means (X) oe % 81-75 81°70 81-67 


Standard deviation 
_ of 50 means* 
(i.e., SE) os =e 0-7937 0 +4822 0-4002 
* Computed from grouped data. 


Though the number of samples i ) 
! plesis small, b 
a Ao i Samples as mentioned earlier, Teble ee point ager 
eenera! behaviour of sample means when repeated mabtriileh ane ch. — 
wn 
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same population. Firstly, we notice that the grand mean 
ee cad (1 a 25, 49) is close to the true value* of the i eae 
tion mean and that within each set of 50 sample means, the ss e 
means show a tendency to cluster around the erand mean. Secondly, 
this tendency for clustering around the grand mean increases as the 
size of the sample increases from 9to49. This is particularly revealed 
by the spread of these means as measured by their respective standard 
deviations, i.e., Standard Errors reported in the last row of Table 
1.8. For instance, Standard Error as estimated from 50 sample means 
gets decreased from the value 0-7937-0-4002 as the size of the sample 
increases from 9-49, indicating that the reliability of a sample mean 
increases as the size of the sample increases. 


Next how do we estimate, in practice, Standard Error of mean 
and on what factors does its value depend? 


We have already seen that one method of estimating the Standard 
Error of mean is by drawing samples of a certain size from the same 
population and then computing the SD (i.e., Standard Error) for the 
sample means so drawn. This is what we have shown in the last row 
of Table 1.8. Fortunately, we do not have to draw repeated samples 
of the same size from the same population to make an estimate of 
Standard Error of mean. There is a direct mathematical relationship 
between Standard Error of mean, Standard Deviation of individual 


observations and size n of sample. The mathematical relationship is 
given by: 


ee (1.10) 
a/n 
where 


o; = Standard Error of mean (Notice that the same symbol 


o with a suffix X is used to indicate that itis the SD 
of sample means). 


o = SD of individua] observations. 


n = Size of sample drawn. 


From the formula 


(1.10), it is evident that Standard Error of mean 
depends on two factors c and n. Their effects are: 


(a) If the spread of individual values is large (i.e., o is large), the 
value for the Standard Error of mean co; will also be large. Ifcis small, 
then o; is also small. 


_ (8) Standard Error of mean decreases as size 
Increases, that is, as m increases. Large samples will give rise to more 
reliable means than small samples. This point is also intuitively evident 
as, for instance, when the Sample size increases, the Sample mean should 
approach the true value and in particular if the sample size approaches 
ee ene 

* Tf all 


ib] i . 
tibuiianc possible samples of sizes 9, 25, 49 were drawn and their 


frequency dis- 
for the populati te “ach grand mean would have coincided with the true value 
2 


of the sample 
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e, then the sample mean should coincide with ‘the 


population siz 
ela mean, in which case o; should also: Sen LOW ATES! ZeN6, 


ow 9 gives the value for Standard Errot of mean as computed 

by cen above formula along with the values ‘computed from 50 

sample means given in Table 1.8. From the values it may be noticed: 
that the two sets of values are fairly close to each other except probably 
for sampling effects. Further, if the number of samples were to be 
larger (500 or 5000 instead of 50 samples), the empirical Standard Errors 
would have approached closer to the theoretical values. The same 
would have been true when the sizes of such samples were also large, 


TABLE 1.9 _ 
Means and Standard Errors of samples of different sizes 
ge ge 


* Standard Standard 


‘Size of Mean Error Error — 
sample in cm. (Empirical) cm. — 
from (Theoretical : 


Table 1.8 o/4/n) 


ne ee eT Ee rin eae 


9 81-75. 0-79 1-30 
25 81-70 0-48 0-78 
49 81-67 0-40 0-56 - | 


a —— 


Note: Population mean: 81-:63cm., Population SD = 3°89 cm. 


Estimation of Standard Error from a sample whence is unknown.— 
{n general. the parametric values for population mean and population 
o are never known in practice. These values have got to be estimated 
from a sample of observations drawn from the population. Sampling 
techniques and methods of their estimation are available in any book 
on sampling method. We do not propose to go into these details. 
Assuming that an unbiased and representative sample is available 
for the estimation of population mean yw and population standard 
deviation oc, the mean of the population is estimated by the mean of 
the sample and the SD is estimated by the sample standard 
deviation. | , ree 


On page 21 we have indicated one formula for estimating o when 
the sample size is large. This formula is given by. 


Sscentunintinaaneeteiemememnmanntitinimmmmmmemmeenmameedte eal 


_ /2%—x)? | | 
ON cess (1.11) 


and when the sample size is small, its value is estimated better by: 


the formula 
n—1 +» G12) 


Sad 


= aI TE LT ee Se 


so that. 
it may 
estimat 
divisor 
whose 
size* }j 
diviso: 
Stand 
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so that s may serve as an “‘ unbiased” estimate of o. For small samples 
‘+t may be shown mathematically that formula (1.11) slightly under- 
estimate the value, while formula (1.12) overcomes this bias. The 
divisor (n — 1) in the denominator is called the degrees of freedom 
whose meaning will be made clear in later’ ‘chapters. If the sample 
size® is large there is very little change in the value of s whether the 
divisor is (2—1) on », Once the value of s is computed, the estimate or 
Standard Error of a mean, i.e., estimate of o,; is given by the formula 


ees 1.13 

—- (1.13) 

ik Standard Error of difference between two sample means.—Sust as 
is. the Standard Error of mean is defined as the Standard Deviationof 
i: sample means, we can think of Standard Error of difference between 
1b two means: It may be defined as the Standard Deviation computed 
1s: from the differences between a large’number of pairs of means of ran- 
e domly selected samples from two populations. Very often we meet 
| = with the situation when we have to judge whether or not two sample 
: means say X and jy from two populations are different. If they differ 
: a significantly (see Ch. 2) we conclude that the corresponding two. 
et: population ‘means are also different. If the difference between 
3 e the twosample means x and jy is established by some criteria to 
7: be merely a chance rather than genuine difference (Ch. 2) we 
E - | conclude that the two population means are also not different. In 
+ —_—_ such situations we may need to compute what is called Standard Error 


of difference between two means. Mathematically it can be shown 


that the Standard Error of difference between twoindependent sample 
means is given by the formula | | 


f 
Sa. Pn ha es a 
ae y BAN oe : 





13 See a a eee Ss, .S,? ne 

t SE(X-¥) or SE(Y—X)=,/S2 +4 (1.14) 

: g where — . 3 

ee _§.E.(X — Y) or S.E.(Y — X) = Standard Error of difference 
- i i] Raa between X and Y. 

: | s, = Standard Deviation of individual sample observations. 
te | for sample X. 

e ean © s, = Standard Deviation of individual sample observations 


for sample Y. 
n, = Size of sample X, nm, = Size of sample Y. 









If, in particular, s,2 and s,? happen to be equal say s?=s,2= 5, 
sees er a pooled estimate is computed, then the above formula reduces 


aes i eee 1 1 2) | 
: SEK -¥)=,/st(L 42). ! pe aa CD a 1S} 


a _* There is no complete ‘agreement. among statisticians regarding’ demarking 
| Point for designating a.sample as ‘large; or ‘small’. In this book we consider a 
Fample of size 30 or. above as’a large ‘sample. © Pe 


eas 
a i a 4. Ls 
> ore 
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When the sample sizes 7, and m, are same, the above formala 
becomes 


a = 452 : 
S.E.(X —Y)= a (1.16) 

The Standard Error of difference between two means will be used 
quite frequently in subsequent chapters for testing the significance of 
the difference between two observed means. 


1.10 THEORETICAL DISTRIBUTIONS : 


The empirical observations on many biological variates have shown 
a characteristic consistency in the patterns of their distributions such 
as the one shown in Fig. 1.3 for the distribution of heights of paddy 
plants of dwarf variety. Because of this consistency, attempts have 
been made to search for mathematical models underlying such patterns 
of distributions so that the phenomenon may be studied with some degree 
of generality. Once a certain empirical phenomenon is known to follow 
a particular theoretical (mathematical) distribution. more about the 
phenomenon may be understood by exploiting the mathematical pro- 
perties of that theoretical model. There are three fundamental theo- 
retical.distributions in Statistical theory: Normal, Binomial and Poisson. 
In this book only a review of the most important one, viz., normal, 
which has wider practical application, is discussed. 


1.10.1 Normal Distribution 


We have seen in Section 1.6.3 thata mass of observations may be 
condensed inthe form of a smooth frequency curve showing the naturc 
of frequency distribution of the observations made. Figure 1.3 shows 
such a frequency curve superimposed on histogram for the data of 
Table 1.2. This type of distribution is not peculiar to the distribu- 
tion of heights of paddy plants only. Many other biological variates 
like heights of human beings, crop yields, length of earheads, weights 
of earheads, areas of bull sperms, etc., are known to follow approxi- 
mately the same pattern. It is because of this it has provoked much 
interest among statisticians and empirical scientists alike. A theo- 
retical (mathematical) model representing the idealised form of this 
distribution is given by the mathematical equation. 





% N (x peas )* | 
f(x) = Gaufin © do? ° | (1.17) 
where * = any measurement made on a biological variate. 
J (x) = the frequency with which the particular measurement 
x repeats. 


H,& are respectively the arithmetic mean and st I 
= oe ea and 2 
tion of the distribution. —— 


N = Total number of observations. | . 
7 ad e are known mathematical constants. 
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The above law which connects the frequency f(x) of the occurrence 
of any specified value of x for a given size N is commonly referred to 


as law of Normal Distribution. Figure 1.7 shows the idealised form 
of this distribution. 


; THE NORMAL CUAVE 
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Actual distributions rarely, if ever, exactly symmetrical as in 
Fig. 1.7, but many empirical distributions are found to confcrm 
very closely to this pattern. A normal curve shown in Fig. 1.7 
represents therefore an idealised form of distribution. However, once 
an empirical distribution is known to conform approximately to this 
pattern many of the properties of this curve may be exploited to explain 
the underlying features of empirical observations. It 1s from this point 
of view it is necessary to know a few essential things about the normal 
distribution. : 


Though it is beyond the-scope of this book to go into the details 
of many of the elegant mathematical properties of this all-important 
curve a few of the most important ones are mentioned below: 

(1) The curve is a bell-shaped symmetrical curve about the central 
line drawn vertically at the mean () of the distribution. 


(2) The hump-backed nature of the curve emphasizes that a majority 
of observations shows a tendency to cluster around the mean. 


(3) As the values move away from the mean the vertical height of 
the curve gets reduced, faster at first and then less rapidly. 


(4) The three measures of central tendency, viz., the mean, mode 
and median all coincide. 


_ (5) The curve. stretches infinitely at both ends. However, 1n prac- 
tical situations these always have definite limits, 
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(6) The shape and position of the curve depend upon the values 
of uw, o and N. . : 


(7) The total area enclosed by the curve and the X-axis is always 
equal to N, the total number of observations. 


(8) In a normal distribution the following properties also hold 
good: 


iati ither side of 
a) The distance one standard deviation away on ¢1 
the mean (i.e., the range » —o to p+) includes about 
two-thirds or 68 percent of the observations. 


(b) The distance two standard deviations (1-96 to be more exact) 
away on either side of the mean (i.e., the range  — 2c to 
u +20) includes about 95 percent of the observations. 


(c) The distance three standard deviations (2-580 to be more exact) 
on either side of the mean (i.e., the range  — 3c to » + 3c) 
includes about 99 percent of the observations. 


The mean value » and the standard deviation o, being population 
parameters, are generally unknown and they may have to be estimated 
by the corresponding sample statistics, viz., mean X and SD s from a 
sample of observations. The above property generally holds good 
for fairly large samples drawn randomly from a normal population, 


. THREE NORMAL CURVES -ALL HAVING THE SAME MEAN 
AND SD BUT DIFFERENT TOTAL FREQUENCIES 





Fic, 1.8 


Example: In a4 sample, of 500 observations m 
of a certain type of plant the mean leaf area (X) was found to be 12 Sq. 
mm. while the SD was 3sq.mm. Since the leaf area (X) is found to 
a 8 distribution, the sample mean (X) and the SD (s) 
tell us that: if | 


ade on leaf areas 


(1) Approximately 68 per cent of 500 leaves (or 340) ha | 
ranging from (12-3) to (12-+43) or 9 to 15 “bg ba ave leaf areas 
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(2) Approximately 95 per cent of 500 leaves (or 475) have ‘leaf 
areas ranging from (12 — 2x3) to (12+2 x 3) or 6 to 18 sq.mm. 


(3) Approximately 99 percent of 500 leaves (or 495) have leaf 
areas ranging from (12 — 3 x 3) or (12+3x3) or 3 to 21 sq.mm. 


t1.10.2 Family of Normal Curves 


It is stated under property (6) the shape and position of a normal 
curve depend upon the values of the two parameters mean (y), SD 


(c) and sample size (N). Figures 1.8, 1.9 and 1.10 forinstance show 
a family of normal curves for changes in N, o and p. 


THREE NORMAL CURVES ALL HAVING THE SAME MEAN 
' AND TOTAL FREQUENCY BUT DIFFERENT SD'S ) 


fe 
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THREE NORMAL CURVES WITH SAME TOTAL FREQUENCIES . 
BUT DIFFERENT VALUES OF MEAN AND S 0 
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1.10.3 Standard Normal Distribution 


{f every X value in a normal distribution is measured as a devia- 
tion from the mean-and the deviation itself is expressed as a ratio in 


terms ofo [i.e., Z=(X--p)/o = x/e, say] then values of Z corres- 
ponding to the values of X will also-be normally distributed with the 
following properties: 


(1) Whatever be the mean » for X values the mean of Z values 
will always be zero. ' | 


(2) Whatever be the SD o of X values the SD of Z values will 
always be unity. | : 


(3) All the properties mentioned earlier for normal distribution 
for X will hold good for the distribution of Z also. In other words, 
7, is also a normal distribution but with a mean zero and standard 
deviation 1. 


, (4) While the total area under the curve for the distribution of 
X is N (total number of observations), the total area for the Z distri- 
bution will also be N. However, by expressing the actual frequency 
numbers as proportions of the total frequency (N), the total area under 
the new Normal curve can be made to be unity. 


Thus while there can be a family of normal curves for different 
uw, o and N there can be only one Unique Nermal Curve for Z. This 
is also called ‘“‘Standard Normal Distribution or Unit Normal Dis- 
tribution’”.* Figure 1.11 shows this unique Normal distribution. 


STANDARDISEO NORMAL CURVE 





ee 


Fic. 1.11 





* The reader might, at first, suspect that a transformati i i 
; ation of 
distort the interpretation of results when based on Z values instead of ee plea 
X values. This doubt will however be cleared when one remembers that all mea- 
surements are arbitrary in their origin. Conversion of X to Z is something like 
conversion Of Ib, to kg., inches to cm, etc, : 


greene ee 
“yj > ~*~ 
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1.10.4 Areas under Normal Curve 


The uniqueness of the Standardised Norma] Distribution with 
its mean zcro, standard deviation unity has led to the construction 
of special tables giving the heights of vertical lines (ordinates) for dif- 
ferent values of Z and the areas enclosed by two ordinates one drawn 
at Z = Oand the other for any specified value of Z. Ordinates are used 
for fitting a Normal Distribution to an observed set of data. The 
area between two ordinates, on the other hand, is of great importance, 
because such an area represents proportionate frequency. Table in 
Appendix A gives the proportions of areas for various values of Z. 


In the following examples the use of table in Appendix A is illus- 
trated. 


Example 1: For our data reported in Table 1.1., assume the 


underlying distribution to be normal with a mean of 81-63cm. and 
SD 3:89 cm. 


For this distribution : 


(a) what percentage of plants are expected to have heights bet- 
ween 83:10cm. and 84:95cm.? 


If Z, and Z, are the standardised values corresponding to X; = 
83-10 cm. and X, = 84:95cm. we have: 





yt Ky — mw _ 83:10.~ 81-63 1-47 
t = 





= meee: = 3.99 = 0°97 
 Xy—p _ 84:95 — 81°63 _ 3-32 __ 9. 
Bese oa Pe 


From Table A given in Appendix A, the area A, between the values 
Z=—0 and Z, = 0°85 is given as 0-3023; the area A, between Z = 0 
and Z, = 0:37 is given as 0-1443. Hence, the area enclosed between 
Z, and Z, is given by ) 

A; — A, = 0°3023 — 0:1443 = 0-1530 
j.e., 15:8 per cent of the total observations are included in this range. 


(Note: It may be noted that out of 250 plants reported in Table 1.1, the number 
of plants having the heights 83 to 85 cm. comes to 40 or 16 per cent which is close to 
the predicted frequency of 15°8 per cent or 41 leaves obtained above.) 


(b) How many plants have heights more than 89-50cm.? 


Plants having heights 89-50cm. must have their heights more 
,han 89:49cm. Hence in Standard Unit: | | 


7 Ka BOA O3 _ 
9 3895. 





2:02, 
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The required area to the right of Z = 2-02 is given by: 


Area beyond (Z = 2:02) 
= (Area to the right of Z = 0:00) 
— (Area between Z = 00 and Z = 2:02) 
= (0-5000 — 00-4783) 
= 0217 or 2°17%. 


5 250, the number of plants having 


Since the total number of plants 1 
= 5-4 or 5 plants. 


a height of 89:50cm. or more is 250 (2-17) per cent 


Note: The actual number of plants observed in the class range 89-0 to 91-0 cm. 
in Table 1.2 is 4, which once again is close to the predicted value of 5.) 


The important point the reader has to recognize in this is, 
when the observations are known to follow a normal distribution then 
prediction can be made regarding their relative or proportionate fre- 


quencies of the observations. 


1.10.5 Discrete Distributions 


In the previous section we briefly considered one important theo- 
retical distribution, viz., Normal Distribution—a distribution associated 
with observations measured on a continuous scale. But there are 
situations where the underlying scale may be a discontinuous or a dis- 
crete one. For instance, the number of plants infected with blast disease 
in different observational plots will always be an integral number like 
0, 3, 7, 9, 12, etc., and fractional numbers like 34 plants, 77 plants, etc., 
are not possible. The frequency distribution constructed for such 
discontinuous variables is called a ‘Discrete Distribution’ or ‘ Dis- 
continuous Distribution’. Just like .Normal Distribution, which is 
an important distribution for a continuous variable, there are two such 
important theoretical distributions, viz., ‘ Binomial’ and ‘ Poisson’ 
for discontinuous variables. Since we do not meet with any specific 
situations of their applicability in subsequent chapters they will not be 
discussed any further in this book. However, the interested reader 
may refer any book on statistical methods such as Methods of 
Statistical Analysis by Goulden, C. H.!® regarding these distributions, 


1.10.6 Probability Distributions 


The word probability as a statistical. terminology has a meaning 
different from its common usage such as ‘probable’. In one way it 
may be defined as a raito of number of times a particular event can 
occur to the total number of ways that all possible events can occur. 
This way it takes any value between O and 1, the value 1 signifying the 


certainty of the occurrence of that event and the value 0 the impos- 


sibility of its occurrence. This definition obviously implies a pri 

s rior 
knowledge of the events and their occurrences to predict the probability 
of the occurrence of any particular event. In some situations the prior 
conditions might be known and in many, this will not be the case, In 
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the latter situation, where nothing is known, gathering of experimental 
evidence might facilitate to predict something about the phenomenon. 


If, for instance, a coin is flipped once, we can predict the probability 
that the coin turns up with the Head as 4, since we know beforehand 
that there are only two possible events, Head or T ail, and that each is 
equally probable, Wf cach event were not cqually probable, the prob- 
ability would not have been 4, For instance, the probability that 
the birth of a baby results with a boy is not 4, since cach sex is not known 
to be equally probable; ora seed sown for germination does not have 
the probability as 4 for germination, even though there are only two 

ossible events, viz., it should germinate or it does not, because the 
two are not equi-probable. Again, if a box is known to contain 100 
4 beads of which 25 are red, 30 black and 45 white, it 1s possible to predict 
E beforehand the respective probabilities of drawing out a red, a black 
B or a white bead in the very first draw, they being 25/100, 30/100, 45/100, 
BS since we know, in advance, their relative numbers in the total of 100 
& beads. 


The above definition of probability further leads us to the follow- 
ing expectation of events. If a coin is tossed a large number of times, 
we could expect in the long run half the number of times heads and 
half the number of times tails. In the case of the box containing the 
beads, a large number of draws (replacing the bead each time after 
‘ts colour is noted down) would end up with 25 per cent red, 
30 percent black and 45 percent white beads. In other words, if an 
experiment is repeated under identical conditions, the events are expected 
to take place in proportions to their probabilities of occurrences. 



































But in practice we are not always in the happy position to predict 
the probabilities of events well in advance. In fact, we may know 
nothing about a phenomenon to predict the probability of its occurrence 
in advance. In such situations, one way is to set up an experiment to 
gather evidence concerning that phenomenon. As an illustration, let 
us imagine for a moment, we did not possess any knowledge about the 
proportions of colour beads in the box, and all that we know is that 
the box contains beads of three colours in certain unknown propor- 
tions. The only reasonable way to determine the unknown proportions 
is to set up a small experiment as follows: Draw a bead at random, 
note down its colour and replace it in the box, thoroughly mixing the 
contents. Repeat this say 25 times. If, out of 25 draws, 6 draws 
happen to be red, 9 draws black and 10 white, it is reasonable to expect 
the proportions to be about 24 per cent red, 36 percent black and 
40 percent white. Though these proportions appear to be somewhat 
different from the actual proportions in the box, the precision of these 
can be improved by basing such proportions on large number of draws 
say 100 or 1000 or even more. ‘Theoretically speaking, increasing the 
number of draws infinitely, the unknown proportions can be accurately 
estimated, since we expect that the events would occur in relation to 
their probabilities of occurrences. In‘other words, the relative frequencies 
observed in an experiment are in one sense the probabilities also. Thus 
if a phenomenon is known to follow a definite distribution say normal 
pistribution then the areas under the standard normal curve represent 
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In this sense the frequency 
considered as probability 
s various probabilitics, 


the relative frequencies or probabilitics, 
distribution of relative frequencies may be 
distribution, since such a distribution generate 


1.10.7 Normal Probability Curve 


The Unit Normal Curve or the Standard Normal Curve referred 
to on page 40 is also a Normal Probability curve since the total area 
under the curve is unity and any area under the curve and two specificd 
ordinates gives a proportionate frequency, The propertics mentioned 
on page 40 may now be stated in probability terms as: 


(a) The probability that an observed value would fall between 
the limits (u-—-o) is 0°68 or 68 per cent. 

(b) The probability that it would fall between the limits (wu -- 2c) 
is 0-95 or 95 percent. 

(c) The probability that it would fall between the jimits (yw -b 3c) 
is 0-99 or 99 percent. 


These statements are true if the observations drawn are strictly at 
random from a normal population with mean pw and SD o. 


Varieties of applications of the concept of probability and 
probability distributions will be introduced under tests of significance 


in Ch. 2. ; 


1.10.8 Correlation and Regression 


Our concern so far has been to present a body of methods dealing 
with observations pertaining to a single variable. But in an agri- 
cultural experiment, an investigator’s interest generally lies in the study 
of many variables and their joint variations. For an agriculturist, for 
instance, mere information about the general yield level of a certain 
crop is of less value, especially in comparative trials of competing 
varieties of the same crop, unless such an information is evaluated in 
terms of related or concomitant variables like the number of days 
from seeding to heading or the number of days from seeding to maturity, 
or number of productive tillers or response to varying levels of fertilizers, 
etc., etc., a complex of interacting, uncontrollable causes. These 
problems and other similar ones Involve a new concept—not covered so 
far, viz., the study of interrelationships among variables of interest. 
The relationship of these variables with yield may vary both in’ deer 

saa visa ay vé LreEe 

and nature, that is direction, For instance, the number of wheat grains 
will vary with the length of earhead—longer earhead i 

b f g ads, generally, yield 

more number of grains per earhead and smaller earheads yield less 
number of grain yield; or in estimating the moisture content ; 

t is observed t ith t } ontent in grains, 
I o vary with temperature—greater percentasc ist 

at lower temperature and Jower percentage of ong . mci nti 

perature. The two characteristics in the former « aie: Lone 

: ger te relationship to each other while in. he tatters "th : 

wo characteristics bear an opposite relat; ai Me ee 

elation : 7 
ser ie eae aspect is to now the in : es ripe-g ip 
relationship existing between two characteristics, I ca 


BASIC CONCEPTS IN STATISTICS 45 
Statistics provides methods to express such relationships in quanti- 


tative measures indicating both degree and direction of such relation- 
ships. A brief mention of them will be made in this section, referring 
the reader to books like Methods of Correlation Analysis by Ezekiel® 
or fuller understanding of their applications, . 


1.10.9 Correlation Coefficient 


A correlation coefficient is a statistical measure which indicates 
both nature and degree of relationship between two measurable charac- 
teristics, say, X and Y. It is deviced in such a way that (a) when 
perfect relationship exists between them, it attains a value unity and 
zero when they are uncorrelated; and (db) it assumes only positive 
values when the two characteristics v 


ary together in the same direction 
as in Example | above (length of earhead and number of grains) and 
negative values when they vary in opposite direction as in example 2 
above (percentage of moisture content and temperature). 


It is generally denoted by the symbol ‘r’. This r may thus take 
any value from —1 to +, depending upon the extent of relationship 
and the nature of relationship that might exist between the two charac- 
teristics, X and Y. When pairs of measurement 


s (X, Y) are available 
for each individual, the value for r is given by the formula 


7 nie 90-9) dy 
fxd. &- %)2 NE iaw- Ye = 











where 


x=X—X, y= Y-Y 


(7.e., the ratio of the average product of deviations of X and Y to the 
product of their standard deviations). | | 


The two expressions shown in the denominator of the above 
formula are quite familiar to the reader as they stand for the standard 
deviations for X and Y respectively, while the expression in the 
numerator is a new component introduced in the definition of r. This 
component is called ‘‘ Covariance’? and as the name implies, it shows 


how X and Y vary together. If they vary in the same direction, then 
covariance is 


positive and if they vary in opposite directions, this will 
be negative. Since X and Y might belong to two different types of 
measurements (X in cm. and Y in kg.) the introduction of the standard 
deviations in the denominator will make them unitless* numbers so 
that r becomes a pure number. 


ES 








| 4 x —X) Y-—Y) id 
*r may be written in the form r= 5-5 § > = Ja SZ, Z, 
& y 
Say, where Z, and Z, are standardised unitless numbers (see page 40). 
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However, there is a direct computational formula for computing 
r which is given by 
N2XY — (&X)(@Y) (1.19) 


~—— 


= VIN SX? — WX) {INS V2? —  Y)3} 


which is quite handy when simple hand-calculating machine is available. 
The application of this formula for the computation of r is illustrated 
through the following example. 


An example: Table 1.10 shows the heights in cm. and yield 
in gm. from a sample of 59 plants in a ragi trial (white ragi) con- 
ducted at Hebbal farm, Bangalore, during the year 1966. We would like 
to find the nature and degree of relationship between the height and 


yield of ragi plants. 

The various steps involved in the computation of correlation co- 
efficient are specified below: 

Step 1: Arrange the pairs of values as given in Table 1.10, 
columns 1, 2. Compute: 


(a) the sum & X of X-values 
> X = 2881 (column 1). 


(b) the sum 2 Y of Y-values 
2 Y = 1050 (column 2). 


Step 2: (a) Square each value of X and find their sum (2 X?2): 
SX? = 47? 4+ 4224 ... + 57% + 52? = 144681 (column 3), 


(b) Square each Y and find their sum (2 Y?): 
ZY? = 18% -+ 21? + ... + 25% + 9* = 22626 (column 4). 


(c) Find the product XY for each pair and compute their sum 
(5 XY): | 


XY = (47 x 18) + (42 x 21) +...+(57 x Tad eee 
= 53751 (column 5). one 


Step 3: Substitute the sanaikepbiae values in the following oeeitisin 
to obtain the value for r: 
eyes __ NAXY — &(%)} 2(Y)} 
JIN 2X? — 2X)? [NS Y?— WY)? 
39 x 53751 — 2881 x 1050 | 
~ a9 x 144 144681 B1) ) — (2881)2] [(49 x 2 “ — (1050)?] 
= 0°6322 83 : 


Note: N = number of - pairs of observations = 59, 
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TABLE 1.10 


Height and yield values of white Ragi plants — 


See net ge Ta ee gah ee a ee ae eG ee 


Height 
in cm. 


(X) 
1 


47 
42 


56 
52 
51 
62 
61 
59 


55 
57 


58 
44 
t. 
7:3 
44 
43 


cE 
29 
a7. 
43 


42 
54 


45 
43 


43 
oie 


= 
33 


33 
47 
a 
a 





47 





Yield 7 
in gm.. x? . .¥? > eee 
(Y) 
Dae age ee Se ere 
2 3 4 5 
13 2209 304 846. 
21 1764 441 882 
31 3136 961 1736 
24 2704 576 1248 
29 2601 841 1479 . 
25 3844 625 1550 
28 3721 784 1708 
48 3481 2304 2832 
25 3025 625 1375 
18 3249 324 1026 
OD 6 8364 Boch. -484 1276 
0 i, 1936 0" 81 396: 
18. 3249. (324 1026 
25. S29 625 Se 1425: 
at 1936 44, 924 
4 1849° | 16 172. 
i. 1089 | 49 531° 
9 841 81 261 
19 1369 ~—- 361 703: 
8 1849 64 344 
7 1764 | 49 294 
18 2916 324 972 
18 2025: 324 810 
6 1849 ~ 36 258 
12 1849 144 516 
6 961 36 186 
g 1024 64 256 
9 1089 81 297 
9 1089 81 297 
8 9209 6 64. 376: 
i a Q304,55-;, 144 .- 576 ._...- 
12 © °3249%2"  144.° °&2«=3684 


3249 — | 


we ep ee ee Tote 


144 


684 
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TABLE 1.10—Contd. 





TOTAL 2881 


Height Yield 

in cm. in gm. xX? y? XY 

(X) (Y) 

a 

] 2 3 4 5 
5] 19 2601 361 969 
5] 18 2601 324 si 
53 20 2809 400 1060 
51 28 2601 784 1428 
5] 22 2601 484 1122 
54 27 2916 729 1458 
45 17 2025 289 765 
51 20 2601 400 1020 
56 12 3136 144 672 
57 25 3249 625 1425 
36 14 1296 196 504 
53 22 2809 484 1166 
55 31 3025 961 1705 
47 27 2209 729 1269 
42 11 1764 121 462 
60 28 3600 784 1680 
42 18 1764 324 756 
54 14 2916 196 756 
55 18 3025 324 990 
52 17 2704 289 884 
52 9 2704 8] 468 
55 16 3025 256 880 
48 14. 2304 196 672 
49 16. 2401 256 784 
57 19 3249 361 1083 
57 25 3249 625 1425 
52 9 2704 8] 468 
1050 14468] 22626 53751 


7 
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The observed value of r= 0-63 shows a substantial relationship 
between the height of ragi plant and its yield.* 


1.10.10 Coefficient of Determination 


Another useful concept, a derivative of correlation coefficient is 
what is termed coefficient of determination (dq) and is measured by 
the square of correlation coefficient, that is d= r?, The value for d 
when expresscd'in terms of percentage shows the percentage of varia- 
tions in one variable as a result of variations in another variable. 
For instance, the observed correlation of 0-63 between the height of 
ragi plant (X) and the yield of grain (Y) indicates that variations 
in heights produce variations in grain yield and the percentage of 
such variations in grain yield is approximately about 39-69 per cent 
(= 0-632). The complementary value for this, viz., 100(1 — r?) is 
called the coefficient of non-determination, which shows to what 
extent the characteristic X 1s not responsible for variations in Y. 












1.10.11 Other Types of Correlations 


The type of correlations that we considered above is fundamental 
in nature and is called product-moment correlation coefficient, which 
assumes that both the variables are measurable on continuous scales 
and, there is a linear relation between the two variables. But there 
are occasions when this may not be so. For instance, the yield (Y) 
may be measurable on a continuous scale while X, the height of plants, 
may be classified into only two categories, say dwarf and tall, and it 
may be desirable to know how the yield is related to dwarfness and 
tallness of the plants. Obviously, in such situations we cannot com- 
pute the product-moment correlation coefficient since both of them need 
fo be measured on continuous scales. For this type of situations, 
a special correlation method is devised which is known as ‘< biseria]’? 

correlation coefficient. When both characteristics are available in 
Classified forms, then another correlation method is available called 
‘ tetrachoric’ correlation. Besides these two, there are other measures 


such as ‘ Rank Correlation Coefficient’; ‘partial correlation coefficient: 
etc. 


_ All the above correlations deal. with measuring the relation-— 
ship between only two variables. But quite often, one might meet 
with the situation in which one is interested to find the relationship 
between one variable against several others. Such correlations are 
called multiple correlations. Multiple correlations are useful in pre- 
diction problems when one is interested in predicting, say, the yield 


from the simultaneous knowledge about several characteristics of the 


eae, such as height, number of productive tillers, type of variety, 
S7etc, : _ 


ee 
—- fe ee oie interprets an observed correlation, it is necessary to make sure that 
Me result of oe nip genuine relationship between the two characteristics and ‘not as a 
_ Ayaan renga [For tests of significance concerning correlation coefficients 
Be This ob os the reader may refer to books by Snedecor, Steel and Torrie, etc, ] 
me us ra was found to be significantly different from zero. 


50 DESIGN AND ANALYSIS OF FIELD EXPERIMENTS 


- Sometimes the observed correlation coefficients between two 
characteristics may be a result of the two characteristics having relation- 
ship with a third characteristic, For instance, a correlation of 0.89 
may be observed between the quantity of yield of grains and the num- 
ber of tillers in a paddy plant, But when plants with the same number 
of productive tillers are selected for study, this correlation may be 
greatly reduced or even vanish, thereby indicating the observed correla- 
tion between grain yicld and number of tillers was more due to produc. 
live tillers. Such correlations are called partial correJations which 
indicate the relationship between two variables when a third variab]e 
(a set of variables) is held constant. | 

A reader who is interested to know more about them is referred 


to the book by Ezekicel.® 


Quite often correlation coefficients are misinterpreted. It is some- 
times misinterpreted as if it is a proportion or a percentage. For 
instance, a change in the strength of relationship between two charac- 
teristics when r changes from 0-25 to 0-35 is not the same as the change 
in the strength’ of relationship when r changes from 0-70 to 0-80. it 
should not be treated as a linear scale like a metric scale. 


An observed value of r need not always imply a cause and effect 
relationship, for it merely indicates the amount of common elements 
between them. However, if the experimental conditions imply such 
a possibility, it may indicate a causal relationship. Sometimes, for 
instance, sequence of events on time dimension might imply such a 


cause and effect relationship. : 


One should be careful about spurious correlations. that is, a corre- 
lation that might have arisen because of the relationship of each of 
the two variables. with a third variable. For instance, a correlation 
between height and weight may vanish when age is held constant, there- 
by implying that the observed relationship between height and ‘weight 
is more due to the third factor age with which each is related indepen- 
dently. ‘That is, correlation should always be computed between 


variables chosen on some logical basis. 


Before computing the product-moment correlation by the appli- 
cation of the formula on page 46 it is advisable to have at least.25 to 
30 pairs of observations. For fewer pairs of observations, such correla- 
tions are generally exposed to great variations due to extraneous factors. 


Another important assumption underlying. the computation of 
rusing formula on page 46 is that the regression between the two 


variables should be linear (see Sec. | 10.12), 


1.10.12 Linear Regression 


We have seen in the above section that correlation coefficient 
throws some light on the nature and degree of relationship between 
two characteristics. The fact that variations in one variable (due to 
such a correlation) bring in accompanying changes in the other, enables 


us to predict the value of one variable from the knowledge of the other. 
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Suppose the true relationship between two characteristics is linear 
Viz: 


oy where y is the true-value (dependent) to be predicted from the know- 
Ge ledge of another value x (independent) and, A afd B are unknown 
| ) constants (parameters) to be estimated from a sample of observations. 
In this, A is called the intercept and B,.the regression coefficient. Suppose 
: further that, while x can be measured as X without any error, y cannot 
be measured so. That is, an observed value, say Y, of y contains a 





= random error « so that (1-20) may be rewritten as (Y= y-+ e): 
iS Y=A+ BX + e. 
UNIT CHANGE JA ‘XxX’ 
ae “ . weet Fic. 1.12 
_ - Geometrical Representation of a Straight Line. 
ss a ya — ri be to estimate the unknown parameters A and B 
ec: sample of m pai 7 
= poesia Pp a pairs of observations (X,, Yv> (Xs, Yo), -* +, (X,, Y,)- 
= several alternative methods are available for obtaining esti- 


Taates of A and B, one that is most commonly employed is called the 
cS nr a of least squares. According to this method, a set of ‘ best’? 
Se "ype, a and b of A and B respectively which keeps, on an average, 
ee © errors in prediction to a minimum may be shown to be: 


i Tite NERF or (1.21) 
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Here X, Y are the means of X and Y observations respectively. The 
regression line ‘ best’ fitting the observations is then given by:* 


Y=a+bx. (1.22) 

A regression line, for instance, can be fitted to the data of Table 

1-10 to predict yield (Y) from the knowledge of the height (X) of ragi 

plants. Since we have already computed the necessary values for 

SXY, SX, SY, etc., the estimates a and b are easily obtained by sub- 

stituting the appropriate values in the formulaé (1-21) given above. 
Fér instance, 


NZXY — (ZX) (ZY) (59) (53751) — (2881) (1050) 


° = NEXE=(EX)E (59) (144681) — (2881) 
— 0-620. 


Once we computé the value of b, value for a is given by: 
a= Y — bX = 17-797 — 0-620 (48-83) = —12-460. 
Finally the regression equation is given by . 


Y = — 12-460 + 0-620X. | 
From this equation, the value for Y may be predicted for a given 
value of X. For instance, the predicted value for Y, given X = 47 
1S: | 
Y = — 12-460 + -620 (47) = 16-676. 
Regression line of X upon Y.—One may be tempted to employ 


the same equation Y = a + bX to predict the value of X from the 
knowledge of Y. Generally it would be erroneous to do so for the 
following reasons. Even though it is an equation connecting X and 


Y, it should, not be interpreted for an equation with a kind of ‘identity 
relationship’ between X and Y. This will be clear when one remembers 
that the estimates a and b are so chosen as to keep the errors in pre- 
diction of Y from X to a minimum. The same estimates may not 
be appropriate for predicting X from Y*. For such a situation, a 
new regression line of the form 


X=A’'+ BY + ¢ (1.23) 
will have to be fitted to the observed set of data and obtain a new set 
of estimates a’ and b’ for A’ and B’ respectively using: 

“ A hat (2) on Y indicates the predicted value of Y for a given value 
O 


| {Such a prediction of X from Y is _ possible only under certain 
circumstances. 3 


= rn et AT SH ’ ~ 
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Ben ae OX, (1.24) 


,_ &(X—X)Y¥—Y) 
b' = Tyv-y (1.25) 


These values for a’ and D’ ensure that errors in predicting X values 
from the knowledge of Y values, on an average, are kept to a 
minimum. 


Equation (1.23) specified above is called the regression equation of 
X upon Y. However, the experimental conditions might suggest that 
one type of regression may carry more meaning than the other. For 
‘nstance, if X is known to be an independent variable and Y is a depen- 
dent variable whose values are to be predicted by the use of regression 
line, then Y = a- bX is more meaningful than the other regression 
line. 


Regression line of the form Xa +: HY is however fitted for 
the same data given in Table 1.10. Substitution of suitable values in 
formula for a’ and b’ gives rise to the following values for a’ and D’: 


q' = 37-632. and b’ = 0-629 

so that the regression equation of X upon Y is given by the equation 
X = 37-632 +0-629Y. 

1:10.13 Interpretation of Regression Coefficient 


A person who is familiar with elements of algebra will recognise 
that in an equation of the type Y = a —r bX, b, the slope of the line 
measures the rate at which. Y changes per unit change in X. This 
way the regression coefficient ‘b’ for Y upon X helps one to note the 
rate at which the dependent variable Y changes for a unit change in 
the independent variable X, on the average. This average change 
could be positive or negative, depending upon the sign of b. Thus the 
sign of b also indicates the type of relaiionship betwecn Y and X. 
Similarly in the regression equation X = a’ + D'Y, 5 indicates the 
rate at which X changes for a unitchange in Y. 


CHAPTER 2 
, TESTS OF SIGNIFICANCE 


consider a class of statistical devices 


2.1, In this Chapter, we sta 
Roughly speaking, it 18 a device to 


called ‘ Tests of Significance ’. spe 
bserved pair of means (or percentages, 


find out whether or not an obser aur s 
proportions, variances, etc.) differ significantly from each other; 
or to find out whether or not a sample with an observed mean 
(or percentage or proportion, etc.) belongs to a population with a 
hypothesized mean (or percentage or proportion, etc.). {t 1s a common 
feature that even repeated samples drawn from the same population 
would give rise to mean values which differ from each other, 
merely due to chance factors. The problem therefore is to formulate 
some fest-criterion.on which to base our judgment, whether an observed 

chance difference thereby implying 


difference between two means.isa chi by imf 
that they arise from the same population, or the difference is significant 
thereby asserting that the means belong to two different populations, 


Obviously an assertion of either kind involves certain amount of risk 
of being wrong as a result of chance influence. A test of significance 
is a device—a criterion—to arrive at an objective judgment one way 


or the other for a specified level of this risk. 


There are varieties of such test devices available for differing situa- 
tions such as comparison of means, variances, percentages, proportions, 
correlations, etc., but only a few of the most important tests that are 
of immediate use, from our requirement points of ‘view, will be con- 
sidered in this. book. This chapter does not pretend to justify the 
coverage of this area which is very vast. An interested reader may 
refer to books by Snedecor,?° Steel and Torrie & Hoel.?®* 


2.2 GENERAL Basis OF ANY TEST OF SIGNIFICANCE 


All the tests of significance have the same underlying logic which 
is somewhat like this: A test-criterion is constructed to predict, in 
terms of probability, ““ how frequently ’’ a difference of observed magni- 
tude or more can arise purely due to chance factors and chance factors 
alone. Based.on the magnitude of this probability, one is guided to 
arrive at the judgment whether the observed difference between two 
means is genuine or | is merely a chance difference. If, for instance 
the magnitude of this probability 1s considerable, the risk of being 
wrong in attributing the difference as genuine is also considerable: 
smaller its value smaller the risk too. If, for instance, the chances are 
20 per cent that a difference of certain observed magnitude or more 
could arise solely due to chance factors, the risk in concluding that 
it is a real difference is also 20 per cent. On the other hand. if rok 
chance is less than 5 percent, the risk also is less than - : 

This level of risk is called th oni oP ap beh Sess 

rar yep i . mes a ce of ne tg and its complement 

Pas Is Called the /evel of confidence, since 
the jatter specifies the amount of confidence in making judguonte, 


—_ ee eh en ee Serre rn tae 


er 
Bitten pent ee, Fe ‘= Se 
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2.2.1 Choice of Level of Significance 


As pointed out above, the judgment in a given situation ultimately 
depends upon the choice of the level of significance, since it specifies 
the level of risk involved in such judgments, But the crucial question. 
is, how small the magnitude of this risk be, before one concludes the 
mean difference 1s produced by non-random effects? Should it be 
20 per cent, [0 percent, 5 per cent, | per cent or still less? The 
answer is not easy and precise as It entirely depends on the amount 
of risk one is prepared to take. This is again indefinite and elusive. 
But based on practical considerations, scientific needs, the levels 
conventionally accepted are 5 per cent or 1 per cent or even less. In 
other words, it is considered that the risk is great if it exceeds 
5 percent level. One can sce that the choice of the levels of signi- 
ficance is purely arbitrary. The choice, however, may be guided by the 
need and nature of the problem. If, for instance, the problem is one 
of great theoretical value or if the decision involves heavy finance, a 
more conservative level such. as | per cent or 0-1 percent may be 
chosen; if it is exploratory in nature it could be 5 per cent. or 
sometimes, 10 percent, In the absence of any such specific knowledge, 
q ‘rule of thumb’ Is to stick to 5 per cent or 1 per cent level. 


2.2.2: Null-Hypothesis © 


The reader perhaps will recognize that there are really two com- 
peting hypotheses—hypothesis of no difference against hypothesis of 
real difference in one of whose favour we have to decide ultimately. 
Null-Hypothesis and Alternative H) pothesis could be of different types 
(see p..56 e.g). The heuristic approach given here and in the example on 
this gage makes it easy to understand the basic log’c of Tests of Signi- 
ficance. The hypothesis of no difference is called the Null-Hypothesis 
which tries to assert that the observed difference is purely due to chance 
factors. It is important to stress here that the efforts are really directed 
towards establishing the truth of this Null-Hypothesis and only when 
we fail to do so, we reject this hypothesis or accept the alternative 
hypothesis, viz... Hypothesis of real difference. This we do because, 
firstly, it is possible to predict through mathematical probability models 
the probability that a difference of an observed magnitude between 
two means or more could arise purely due to chance factors, and 
secondly because failure to establish such chance factors would 
create confidence in accepting the alternative hypothesis. 


_ Some of these points will however be made clear by the considera- 
tion of the following example. 

_ An example—tLet us imagine that a certain person claims that 
moculating plants with a certain kind of chemical would increase the 
acight of plants, To know the correctness or otherwise of this claim; 

appeal to empirical data through an experiment is essential. 

ing Suppose a small experiment is get up to test his claim in the follow- 
st emp Assume that from the past experience we know that 
mw )es Of dwarf variety paddy plants have shown a mean height of 
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81-63cm. and a standard deviation of 3-89 cm. indicating the possipj. 
variations in their heights around the mean of 81-63cm. (Fig, 1.3 
Ch. 1). From this population of plants, imagine 50 plants are selected 
at random and each plant is inoculated with the chemical which claim, 
to increase the heights of plants. Suppose f urther that this sample 
of 50 plants, when measured. for their heights gives rise to an average 
height of 82:66cm, On the basis of this evidence can it now be 
concluded that the chemical has a beneficial effect on the growth of 


plants ? 
In this example the two competing hypotheses are: 


(1) Null-Hypothesis. (H,)—This asserts that there is no change ip 
the average height of plants (81-63 cm.) and the observed sample mean 
of 82:66 cm. is just a random sample value as a result of sampling 
effect, from the population of plants with a mean height of 81-63 cm. 


(= p, say). | 
(2) Hypothesis of interest (H,).—This asserts the higher mean value 
is due to chemical effect. 


- That is, the problem reduces to the testing of the hypothesis 
that » = 81:63 cm. (Hp) against the alternative ~ > 81-63 cm. (H,). 


The logic of test of significance in testing the above hypothesis 
runs as follows: Assume, for a moment, that the Null-Hypothesis is 
true. If this were true, then the observed average height of 82-66 cm. 
is just a value obtained as a random sample from among a large 
number of possible samples that we discussed in Ch. 1. under Standard 
Error (Sec. 1.9). In Ch. 1 we have seen that, if the heights of plants 
are normally distributed with mean » = 81-63 cm. and Standard Devi- 
ationo = 3:89 cm., then the means of samples of size 50, themselves 
have a normal distribution with mean uw = 81-63cm., but with a 
standard deviation (called Standard Error) equal to o/4/n = 3-89/ 
4/50 = 0:55cm. Once we know that the distribution is normal 
with a mean » = 81-63 cm. and Standard Error 0-55 cm., we can predict 
the probability that chance and chance factors alone (i.e., sampling effect) 
would give rise to plants whose mean height would be 82-66 cm. or 
more. This probability can be easily obtained by computing the value, 





_X-u 
~ #2 


82-66 — 81-63 
Oe = 1-87. (2-1) 


Z 


== 


0:03 


ZnO 2 |-87 


FIG, 2,1. Standard Normal Distribution, 
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Referring to table in Appendix A at the end of this book, which 
gives the relative frequency (i.c., probability) of the occurrences of 
various values; we find that the area under the curve between Z = 0 
and Z = 1°87, is 0°4693, which means the probability that chance and 
chance factors alone would give rise to a sample of plants whose mean 
value would be 82:66cm. or more is (0°50000-0-4693) or 0-0307 
(Fig. 2-1). Since. this value is rather low (3 times in 100) and that the 
sample mean of 82-66 cm. has occurred in the very first time in an actual 
experiment, casts serious doubt as to the truth of Null—Hypothesis. 
Hence we reject the Null-Hypothesis and conclude that chance and 
chance factors alone could not have produced the sample of plants 
giving rise to a mean of 82:66cm. This means the chemical seems to 
have a beneficial effect on the growth of the plants.* Whether this 
beneficial effect of 1-03 cm. is of any practical signifiance is non-statis- 
tical in nature. 


9.3 A GENERAL PROCEDURE OF TESTING STATISTICAL HYPOTHESES 


In the above instance certain basic logic runs through the 
process of testing hypotheses. The reader will recognize that, in fact, 
we have followed the following important stages of argument: 


(a) Formulation of hypotheses.—The first step in testing of hypo- 
thesis is the formulation of proper hypothesis. Since the claim of the 
chemical is to increase the height of the plants, the correct hypothesis 
to make would be 


Hi: w > 81-63 cm. 


since such a hypothesis would always imply the increase in mean value 
of » as a result of the inoculation of the chemical and not to decrease 
it. Compare this with the hypothesis Hy): w+ 81-63 cm. which would 
have merely said that the inoculation of chemical would bring a change 
(increase or decrease) in the height of plants. But the more appropriate 
one for the present situation is the former one since the person claims 
that the chemical would increase the height of plants. 


If this were the hypothesis of, interest, we formulate the Null- 
Hypothesis Hot 


Ho: « = 81°63 cm. 


which asserts that no change is brought about by the chemical and any 
observed sample mean such as 82-66cm. still belongs to the same 
population with mean p = 81 -63 cm. 


(b) Test-criterion.—After the formulation of the above hypothesis, 
the second stage is to choose an appropriate fest-criferion to test the 
above Null-Hypothesis Hy against the specified alternative hypothesis H,. 


The crucial stage in the testing of hypothesis is the selection of 
proper test-criterion. For the above instance, our choice is based on 
the following line of argument: 


* Since the probability that chance factors alone could give rise to such a 
sample mean is less than 3 per cent, the error we commit in rejecting the Null- 


_ Hypothesis, even if it were true, is also less than 3 per cent. 


+ More generally, Hy: u < 81'63, see Lehman, E, L, (1959), Testing Statise 
fieal Hypothesis, Wiley, New York, i; see (1959), Testing stquse 
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to be drawn randomly from.a popula- 
are known to follow a particular pattern 
of distribution, viz., normal distribution ‘with mean p = 81-63 cm. 


and o == 3°89cm. Further we know that sample means of random 
also follow a normal distribution with the 


samples of a given size will tT 
but with a Standard Deviation (called Stan- 


same mean p = 81°63 cm., 

dard Error) equal to o/4/n. That is, the sample mean X based on a 
size of 50 plants has a normal distribution with mean p = 81°63 cm, 
and Standard Error equal to. 3:89/4/50 = 0-55 cm. Further we also 
know froin Ch. 1 that, whenever a variate is normally distributed, 
a standardized variate Z is also normally distributed. That is, in the 


present case, 


-. The sample is supposed 
tion’ of plants whose heights 


X — 4 
Oo 


Jn 





L= 


_ X— 81-63 | (2.2) 


ca 0:55 
has a normal distribution with mean zero and Standard Deviation 


unity. 


We can now choose Z as the fest-criterion, since it enables us to 
determine the probability that an observed sample mean of 82-66cm. — 
or larger could arise purely due to chance factors and chance factors 
alone (by the use of Table A at the end of this book). This is actually 
what we did to find out that such a probability was less than 0-03 or 


3 per cent. 


(c) Selection of level of significance.—The third stage in our argu- 
ment is the stipulation, of terms of risk (error), that one is inclined to 
take as a consequence of the rejection of Null-Hypothesis. As previously 
explained in Sec. 2.2.2, this is the risk of accepting the alternative 
hypothesis (i.e., chemical increases the height of plants) when, in fact, 
the Null-Hypothesis is true. The level chosen for the present example 


is 5 per cent. 


(d) Choice of critical-region—After the choice of the test-criterion 
and the level of significance, we should have some basis to reject the Null- 
Hypothesis (Ho) and accept the other hypothesis (H,) based on experi- 
mental observations. For the above example, our argument runs like 
this: Whenever the probability of getting an observed sample mean 
(82-66 cm. or larger) purely due to chance factors and chance factors 
alone is less than 5 per cent (chosen level) and if that sample mean 
te Pa be chee we aus very first experiment itself, then we suspect the 
(chemical “fez actors alone and conclude that some other factor 
mean Wali a tae present case) is responsible for the increased 
the alternative hypotkeste ie rage the Null-Hypothesis and accept 
is always less than 5 per eae the risk involved in such a decision 
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The italicised words imply that there always exists a critical-value 


say X, for sample means such that the probability of this value X, or 
larger arising purely due to chance factors and chance factors alone 
from the original population with yz = 81-63cm. (asserted by Hp) 1S 
always 5 per cent or less. Thus there will be a host of sample means 


ereater than this critical-mean X,, the probability of whose selection 
purely due to chance factor 1s less than 5 per cent. All such means 


(that is X, and > X,) will constitute a special region called Critical- 
region or Rejection-region. since it provides a basis for rejecting Null- 
Hypothesis whenever an observed sample mean falls in this region. 
This critical-region is shown in Fig. 2.2. 


Sor 0-05 





p= 81.63 eg 


Fic. 2.2. ‘Showing the 5% critical region. 


2.3.1 One-Tail Region vs. Two-Tail Region 


Notice the whole of critical-region lies to the right side of the 
curve instead of either to the left side or part of it to the left side in | 
Fig. 2.2. This is because that the alternative hypothesis H, implies 
that the chemical would always claim the increment in height of the 
plants for which obviously the observed sample mean of plants injected 
with the chemical should always be larger than » = 81-63cm. This 
type of critical-region is called one-sided critical-region or one-tail 
critical-region, thereby implying the whole of critical-region is located 
to one side only... If the claim of the drug were that it stunts the growth 
of plants, then the appropriate hypothesis Hy would be » < 81:63 cm., 
since the arithmetic mean of such plants receiving the drug should 
be less than » = 81:63cm. For testing this type of hypothesis, the 
whole of critical-region should be to the left tail of the normal curve. 
In this case too, the test is said to be one-sided. 


Imagine a third kind of hypothesis, vwiz., that inoculation of the 
chemical would bring a change in the height of plants. Since it does 


' Not specify whether such a change would be to increase the height or 
_ decrease the: height of plants, the only reasonable hypothesis Hy, in 
_ this case would be »~ 81:63cm. In all these cases the Null-Hypo- 
_ thesis Hy would, of course, remain the same, viz., » = 81-63 cm., thereby 





implying that chemical does not bring in any change. For this type 
of hypothesis H, (u=4 81°63, that is» > 81°63 or pw < 81-63), the 


oo way to think of critical-region is to locate them at both the 
sides of the curve as in Fig. 2.3, fare tS 
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In Fiz, 2-3, two critical-points, X, and X,, the lower and upper 
critical means are chosen such that: 
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Fic. 2.3. Showing the equal distribution of critical region. 


(1) The probability that.an observed sample mean X would be 


X, or smaller, again, purely due to chance factors and chance factors 
alone is less than or equal.to 0:025, 


(2) The probability that an observed sample mean X would be 


X, or Jarger purely due to chance factors and chance factors alone (ie. 
no chemical effect) is less than or equal to 0-025. | 


Thus these two together would give rise to the same risk of 
0-05 as in the case of one-tail test, except in this case, it is distributed 
on either side of the two tails. Such tests are called two-tail tests. It 
should also be noted that there is an equitable distribution of this total 
risk of 0-05 to the two ends, for.any other proportions do not seem 
to be more reasonable. * | . 


The same line of argument would run through all other tests 
of significance that we intend considering in this book. The reader 
of course, will note that we know, before hand, the population values 
for » and o so that the test-criterion Z may be chosen as the criterion 
for developing the critical-region. 'If these values were unknown and 
sample size also is small, then the Z criterion no longer is tenable for 
testing such hypotheses, We need, in such cases, a different test- 
criterion which will be discussed later in this Chapter. 


2.3.2. Testing the Difference between Two Mean 
Population (Large Samples) Sime a Note 


The case we considered j : is t jud gin , 
dered just now 1s the case of judgine wheth 
an observed mean belongs to a population with specified’ mnt yu nd 


* Equal tail distribution 5S. ‘mur ee | 
Hypothesis Hy, when it ig false, ensures maximum Power of rejecting the Null- 
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sDo. A quite common type of problem in agriculture is to know 
whether an observed difference between two sample means is a real 
difference or is the difference merely due to chance facto1s so that the 
two means, in fact, are equal. 


Example: A laboratory analysis of 64 samples of each of two 
varieties of wheat for their protein content gave rise to the following 
data (Table 2.1): ¢ | 


TABLE 2.1 
Be ar ee trem ee 
Variety Mean s.D.* Sample 
Size 
Oe a ee Ee 
Vi X = 11°8% e124 n= 64 


Vo ws. Y — 12°1% pay 1-4%  h= 64 


* It is assumed that the two population SD’s are known. However, if the 
sample sizes are large, as in the present case, the sample‘SD’s may be assumed to 
be reasonable estimates of population o’s. 


It is now required to test whether or not the two varieties differ with 
respect to the percentage of protein content. 


(a) Formulation of hypotheses —The two competing hypotheses are: 


(1) Null-H ypothesis Ho: 2 = #, (No difference between two means 
2 of the populations). | 


(2) Alternative Hypothesis H,: p,# py (The two means differ).. 
Notice that’ the ‘hypothesis H,: »,y, is the most appropriate one 


to, make, since: the requirement of the problem does not specify the 
direction of difference. o , F =. 


(6) Test-criterion—The development of th -criterion i 
follows: p e test-criterion 1S as 
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* oy" : Th 
SE, fit Ny ) 


Under the Null-Hypothesis, since », = /,, this means that the dif- 
ferences, i.c., D’s, between pairs of sample means (X — Y) will be nor. 
mally distributed with zcro mean and SE., as given above. Jn partj- 


cular, for our present situation, D is normally distributed with: 


Mean 


and 


D=0 


and 


_ (eT _ 
SE, = ,/ at gg = 0°23. 


Since D is normally distributed with mean zero and SE = 0°23, we 
may employ the standardized variate. 


D—D 
ae SE, 
x isa , 

a ae | . (2.3) 
as our test-criterion which will now be normally distributed with mean 
zero and SD unity and make use of table in Appendix A for drawing 
inferences, as in example 1. \ pee 

(c) Selection of level of significance.—Let the chosen level of signi- 
ficance be 0:05 or Spercent. _—e_.. os, : 

(d) Now we can compute, for our example, the probability that 
an observed difference of D = X — Y= 12-1 — 11-8 = 0°3 per cent 
would arise solely due to chance factors. For this, compute, 


12-1 = 118 eon 
= 130,” (2.4) 


' ‘Referring to table in Appendix A, we find that th 
a . ; e area between 
he 0 and Z = 1-30 is 0-4032, so that the probability that chance 
actors alone would give rise to a positive mean difference of 0-3 per 
cent or more is (0-5000 — 0-4032) or 0-0968 or 10 per cent. (appx.)- 


* See page 35, Ch. 1, 
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Thus the probability that the chance factors alone would give rise 
to a mean difference which would exceed numerically the difference of 
0-3 per cent in protein content is double the above probability, ViZ.. 
1 ES 19-4 percent or 20 percent, since such a difference may be to the 
fee right side or left side (Fig. 2.4). 





D=—O3% D= D=+0 3% 
on Z=— 1-30 ‘z= 0 orn Z=+13C 


Fic. 2:4. Showing the critical values\for the above example. 


~~ (e) Conclusion Since: such a difference of 0-3 between two 
sample means can arise solely due to chance factors in roughly 
20.per cent of cases, it is not advisable to reject the Null-Hypothesis, 
‘since in doing so the risk 1s more than 5 per cent (originally stipulated 
level). | 


Direct. method.—The above step-wise method was employed to 
give the reader an idea of different stages involved in tests of hypothesis. 
But a routine method—A ‘Rule of Thumb—procedure to test whether 


or not the two means differ significantly is as follows (for two-tail 
test only): ) , . , 





Step .1 —Compite: 


7 X-— ¥ {2-1 — 11-8 


SEX-Y)~ fia 1a 
(64 ° 64 | 


Step 2.—If Z value exceeds 1:96 (for two-tail test) conclude that 


the means are significantly different at 5 per cent.. Otherwise, GfZ< 
1-96) accept the null-hypothesis. er 


For the present situation since observed Z = 1:30 is less than 1-96, 
the observed difference is purely due to chance. 


Note.—On. page 38, Ch. 1, as one of the properties of Normal Distribution 
we have said that (Mean +2 SD) includes 95 percent of the obser- 
vations. That is, in standardized form for Z whose mean is zero 
and SD is unity, this means (0 + 2) includes 95 per cent of the 
observations. That is, the probability that it exceeds 1:96 on 
either side is just 5 per cent. Hence the Rule of Thumb. 
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2.4 Test OF SIGNIFICANCE OF MEANS FOR SMALL SAMPLES 


In the previous section we considered two important tests, one 


for testing whether or not an observed sample X was significantly dif- 
ferent from a specified value » and another test for comparing the 


significance of the difference between two means (X — Y). Two impor- 
tant assumptions underlying these two tests are: (a) The sample 
observations are assumed to follow normal distribution, and (4) either 
the value of the population Standard Deviation o is known or the sample 
size is sufficiently large* enough to permit the estimation of the value 
for o with sufficient accuracy. Under these assumptions, we were able to 
develop the appropriate test criteria in terms of the standardized normal 
variate Z. Once this Z was constructed, Table A in Appendix, given 
at the end of this book, could be used to obtain the probability that an 


observed sample X (or observed difference D = X — Y in the case 
of two means) would arise purely due to chance factors. If this 
probability is smaller than, say, 5 per cent, we reject the Null-Hypothesis 
unlikely to be true and accept the Alternative Hypothesis. Now suppose 
that condition (b) is not satisfied, that 1s, either c is not known or the 
sample size is not sufficiently large (n < 30) to permit accurate estimate 
of c. What is the consequence of this breakdown of condition (d)? 
It may be shown mathematically that the Z-criterion based on an esti- 
mated value for o is no longer found to follow ° Standardized Normal] ’ 
distribution and as a consequence of this, Table A values are no longer 
valid for estimating the probabilities. concerning the behaviour of 


sample mean X or the difference D = X — Y in the case of two sample 


means. Further, for such a situation, even the statements like “ X +26 
includes 95 per cent of the observations, etc.,’’ specified on page 38 in 
Ch. 1 areno longer true. Later, it was shown by W. S. Gosset, who 
wrote under the Pseudonym of ‘Student ° that, though this new Z did 
not follow normal distribution, a slightly revised version of it followed 
anoiher pattern which could be utilized to generate another table 
(Table—Appendix B) of probabilities similar to Table A. The revised 
criterion was designated as ‘¢’ and is given by | 


_ — 


a 2" FF 
oS s|/n | (2.5) 
where | | 
., PRA? 
n— 1 


is an ‘unbiased’ estimate of o from a small sample. The. reader’s 
attention is drawn here to the factor s/4/n in place of o/4/n which 
would have made ‘t’ a‘Z’, This new distribution is known as the 
famous ‘ student’s ¢’ distribution. We do not propose to go into the 


* A sample size of 30 or more may be conside ‘ i 
. . i ( red as ‘sufficiently large enough’ 
for this purpose, though more stringent definition is stipulated by corns wi fisticians. 
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mathematical details of this robust distribution, meant for small samples, 
but merely mention here that the probabilities generated by this ‘7’ 
depends upon the size of the sample, rather the ‘ degrees of freedom’, 
whose meaning will be clear in this and subsequent Chs. We 


merely illustrate the use of this *¢” in testing significance of a mean X 


or difference of means (X — Y), when sample size is small. 
9.4.1 ‘t’ Table 


As was pointed out earlier in the case of samples of small size, the 
value of ‘ t” undergoes quick changes as the size of the sample changes. 
As aconsequence of this, the probability levels will also be different for 
- different degrees of freedom, unlike in the case of normal probability 
table where the values for area would remain the same whenever the 
sample size is large. So special tables for *¢’ are to be prepared for 
different degrees of freedom. This has already been done for degrees 
of fredom ranging from 1 to 120 and for chosen levels of probability. If 
we refer to Table B given at the end of this book, we notice that the top 
row gives the probability values such as 0-10, 0-05 for the two-tailed test, 
while along the first column the degrees of freedom are specified from 
1 to 120.° The various values reported in the table are the values for ‘7’, 
each being specific to a given degree of freedom and a given level of 
probability. For instance for 10 df and 0-05 probability level, we 
notice that the reported value of ‘t’ is 2-228. This means the proba- 
bility that chance factors and chance factors alone can produce a value 
of |t| as large as 2-228 or larger is 0-05 or less (for two-tailed tests). 


The two parallel lines enclosing the value of ‘¢’ imply that the 
probability that chance factors alone can produce a plus value of 2°228 
or more is 0:025 and the probability that they can produce a minus 
value of 2°228 or Jess is 0-025. In other words the critical region 1s 
distributed to both the tail ends of the curve as in Fig. 2.2. However, 
when one has in mind a one-tail test, then the probability that the *t’ 
value would be exceeded due to chance factors is just half the proba- 
bility specified at the top row in the table. 


2.4.2 Test of Significance for a Single Sample Mean X (Small Sample) 


In a nutritional experiment, 10 animals are fed with hybrid maize 
root-stock, The gains in weight (1b) noted are given below: 


TABLE 2.2 


eT Ds Me eee mnt ne eter See ere aL SEP EE oe EE 
Animal No. 1 22.3 | 4 5 6 7.8 9 10 


Gain in weight (Ib) 25 10 11 13 12 8 513 7 —4 
Mean X = 10 





(Note.—Negative values indicates loss in weight.) 
5 
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Tt is’ now required to find out whetlier there is a significant gain 
in weight due to the consumption of hybrid maize root-stock, 


The steps involved: in testing the sansa le of the observed gain 
in weight. are as follows: | 

Step 1: Formulation of hypotheses: 

(a) Null-Hypothesis H,:» = 0 (i.e., there is no gain in _ weight). 

(2) Alternative hypothesis H, ; ie = 0 (i.e., there Is gain in weight), 


Step 2: Choice of the level - significance: 


Choose 5 per cent or 1 per cent level of significance. 


, t 


Step 3: Choice of the test-criterion: 


| since the sample size is small and o unknown, we have to choose 
a ‘‘ small sample’ test-criterion. We know ° t* test is one such 


criterion where t 1S adaues by: | 








Maps os 
| 4 
rae, ; 
sab Since» = 0 under Hy, ¢ becomes -- 
xX. 
ees 
| Jn 
‘where — Lae 
a" Ce ay 


Ps 


rs or our via ta 


X= 10 
ig SE (eek Seal) 
0-1 : 
= 7:3. | 
, (ee goo: : 
- = st ve 7-3 = 4 31 
Ane 4710 


Step ‘ae Selection of t-value from A 
. ppendix B.— 
ni = the -reader. while .-choosing the BoCare rg ee 
ppenax BS. It depends’ ‘not ’ only on the waprece of freedom 


ty. 
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but also on the type of alternative hypothesis one supposes in 
the problem, In the present problem, the alternative hypothesis tries 
to assert the gain in weight is due to the consumption of hybrid maize 
root-stock, That is, it implies «> 0. This obviously makes the test 
a one-tail test for which the whole critical region for rejection should 
lie to the right side of the curve. But the Appendix B gives the values 
for ‘rt? for both the tails. Hence for one-tail test the probability value 
should be taken as /ialf of what is given in Appendix B, If, now, we 
choose 5 per cent level as the level of significance, the whole of 
which should lie to the right side of the curve, the proper t-value to be 
chosen is the value corresponding to p =0-10 in Appendix B. 
This value for 9 df is 1-833. | 


Step 5: Since the observed t-value of 4-31 is more than the 
table value of ¢ = 1°833, we reject the Null-Hypothesis and conclude 


that there is positive gain in the weight due to the consumption oi 
hybrid maize root-stock. 


2.4.3. Testing the Significance of the Difference between Two Sample 
Means (Small Samples) | : . 


In the above instance, we considered the situation wherein we were 
interested to find out whether or not an observed sample mean turned 
out to be significantly different from a specified value for the popula- 
tion mean p, which in that particular case was » = 0. A common 
situation in agricultural experimentation is testing for significance 
of the difference between two sample means when samples are of small 
size. As an example let us consider the following one. 


Example.—Suppose an experimenter is interested in knowing 
responses to two treatments, say, A and B (e.g., nitrogen application 
at two levels) on the yield of a crop. He decides to conduct a small 


experiment on, say, ten plots to gather evidence in favour of one treat- 


ment or the other. He observes the following yields in kg./plot for the 
two treatments under investigation (Table 2.3). 7 


_ TABLE 2.3 
yields in kg.[plot 





| | F Mean 
Treatments... A 9 10 13 i; ne 10 


B 1590.14 15, ll. 13 








PS EN ES eT re 


Compare the two means, 10 for treatment A and 13 for treatment B. 
The experimenter might incline, at first instance, to judge treatment 
B as superior to treatment A, because of an excess of 3 kg’./plot observed 
in favour of B. But. on closer examination of the yield figures, it is 
noticed: that there is a considerable amount of fluctuation in the plot 
yields and further, one plot in A has given an yield'of 13 kg. (mean of 
B) and another plot in B has given an yield of.only 10 kg. (mean of A). 
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It is therefore a genuine question whether treatments A ; 
Significantly or not? lis diffe, 


The answer to this may be sou 


yht through ¢-test in th : 
way: , e © followin 


Step 1: Formulation of h )potheses.— 
(a) Null-Hypothesis (H,) 
Ho: 4, = My (Asserts the equality of the two 


, populatj 
Means), _— 
(6) Alternative Hypothesis (H,) | 
Hii: 2,4 wy, (Asserts they are different). 
Note.—That any other hypothesis H , like > Id h indj 
tail or one-sided test. - en ee ee ale ened ade 


Step 2: Choice 


of the level of significance.—Choose 5 per cent 
or | per cent. oe | : 


_ Step 3: Choice of the. test-criterion—Since the Sample sizes are 
small and SD’s o,,c, unknown, a small sample test-criterion is to be 
chosen. We know t-test is one such - criterion. Mathematically it 
may be shown that, in the case of two samples, the statistic, 


} ee erry: (2.6) 


l 
DW es. pal, 
a/' = r. No | 
follows ¢-distribution with (m, + ,— 2) df. In the above formula, 
s* = pooled-estimate of variance from the two samples. 
n, = Number of observations for sample A. 


nN, = Number of observations for sample B. 


(a) Computation of s?.—The formula for s° IS, 


_ 2(K— X)?4+2(¥ — Y)? 
a a an 


52 





E(K — X)? = (9 — 10)? + (0 — 10)? + (13 — 10) 
a + (11 — 10)? + (7 — 10)? = 20. 
2 (¥:'— Y)? = (15 — 13)? + (10 — 13)? + (14 — 13)2 
te Bee + (15 — 13)2 + (11 — 13)? = 22, 
Es C8 9120.44 22 


ee ee rs RT re a 


Oe 
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(b) compute 


Fx i; 
; = S0ON 1 we ale wn 1s 
af & | = J ' (; | 3) 1 +45. 


(c) Finally compute 


 X=mY 
/s I -|- ) 
Ny = Mp 
13-10 ,. 
= yg = 2:07, 


Thus our observed value of ¢ is 2°07. 


Step 4: Selection of table value for ‘t’ from Table B.—The reader 
should be careful in the selection of an appropriate ‘7’ value from 
Table B. The value to be chosen depends upon: (i) the level of signi- 
ficance and (ii) on the alternative hypothesis H,. In the previous 
example we had one-tail test and the present example is one of two-tail 
test. Thus the value of ¢ at 5 per cent level of significance for 8 df is 
found to be ¢ = 2-306. 


Step 5: Conclusion.—Since the observed value of {= 2°07 1s 
less than the table value of 2-306, the observed f-value is within the 
limits of chance factors. Hence we do not reject the Null-Hypothesis 
of no difference, since in doing so, the risk is more than 5 per cent. 
In other words, there does not seem to be a significant difference 
between the two treatment means. | 


Note.—The reader may recognize that our first thought that treatment B might 
be. superior is not borne out by the ‘?¢’ test. 


One-tail vs, two-tail hypotheses —In the example considered just 
now, the two-tail f-value asserts that the two sample means do not 
differ significantly, since the observed value of t = 2-070 is less than the 
table value of 2-306 at 5 per cent level of significance. But the reader 
might be tempted to test whether the observed t-value of 2-070 
could give rise to a significant difference if one-tail test criterion 
is applied, for which the table value for 8 df at 5 percent level 
is 1-860; and the experimenter might be tempted to prefer this 
conclusion, namely, treatment B is superior to treatment A, to a non- 
Significant one obtained in the case of a two-tailed criterion. This Is 
a conflicting situation quite often met by an experimenter, since the. 
two situations lead to opposite conclusions, In_ general, it may 
happen quite commonly that what is not significant on two-tail 
criterion might turn over to be significant on one-tail criterion. This 
ast a serious situation for the experimenter to take a correct 
nr ae But it is not so difficult as it appears to be, provided the 
ng a thoroughly grasps the clear difference between. the . 

he tne deen’: Specifying the two! ;diffgrent kinds | of |, hypotheses. ' 
| perimenter should guard himself against indiscriminate’ choice 
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of one-tail hypothesis. Such a hypothesis can be made if and only if 
the investigator has evidence to show that one treatment is superiors 
to the other by previous experiments conducted. If he has a strong 
evidence to set up a one-tail test he should do so before data is actually 
collected and agree to treat the difference as non-significant whenever p 
has asmaller mean than A, If, on the other hand, he 1s not sure whether 
or not one is superior to the other, the appropriate hypothesis js g 
two-tailed one as in the present situation, 


2.4.4 Assumptions Underlying t-Test 

While applying the ‘7’ test, certain important assumptions are 
made to hold good. 

(1) The variates in general are normally distributed within each 
sample. > ie 


_. (2) The variances of the two populations are equal. | 


This assumption of equality of variances in the two populations 
is necessary’ to pool the two sample variances to estimate s?.. 


Generally, these two conditions are found to be satisfied in most 
of the agricultural experiments. Even though the individual values 
are not normally distributed, their means tend to be distributed nor- 
mally. So even a moderate departure from the normality of the 
distribution need not upset one so much... However, normality can be 
achieved by a suitable transformation. 6f the variables (i.e., 


observations). 


_ The above examples are but two types of applications of ‘ t’ test. 
It may also be applied to test various other statistics like correlation 
coefficient, differences between proportions, etc. But in this book 
we come across situations of comparing only the means. 


2.5 TESTING THE EQUALITY OF Two VARIANCES 


In the application of ¢ t’ test for comparing two mean values, it was 
pointed out above that one of the important assumptions underlying 
“ft” test was that the two variances of the groups A and B should be 
equal; itis this equality that provides a basis also for obtaining a pooled 
estimate of. s*—a sort of a weighted average of the two variances. 
Since the equality of yariances is a condition prerequisite for ‘t’ test, 
it is always necessary to satisfy oneself about this equality before apply- 
ing the ‘¢’ test, a. 

The equality of any two independent variances (i.e., mean square 
deviations about mean) can be tested by a test-criterion called F-test. 
The F is a ratio of unbiased estimates of two mean squares—larger 
mean square to the smaller one and is given by 


2; Mere ramncen. sqaure 
| Smaller mean square ° 
If now, we make the Null-Hypothesis that the two mean squares are 
equal, then this ratio shoyld be ideally equal to.1, . But as pointed out 
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in the beginning of this chapter, even repeated samples from the same 
population would not give rise to the same mean value and this is equally 
true of mean square also, merety because of chance causes or sampling 
fluctuations. As a result of this, F will not be equal to one even though 
the population mean squares are equal. It is thus a genuine question 
whether or not a pair of observed mean squares are equal. 


It can be shown that F-criterion also, like t, has a mathematical 
probability model> underlying its” distribution, which can predict the 
probability or chance of obtaining an observed F-value or Jarger, 
entirely due to chance factors and chance factors alone. {f, in a given 
situation, this probability exceeds 5 percent, we would not reject the 
Null-Hypothesis—that is, equality of mean squares, since the risk in 
doing so will be more than 5 per cent. If, on the other hand, this 
probability is less than 5 per cent, we conclude that the chance factors 
alone could not have given rise to this observed F and consider 
therefore the two mean squares as different. get ee 


\ 


2.5.1 F-Tables 


-F-tables are constructed giving ‘F’ values for various combina- 
tions of pairs of degrees of freedom f, and fo (fi = m— 1, fo= mg—_1, 
where 1, is the sample size for the larger mean square and ng for smaller) 
for'5 per cent and 1 per cent levels of significance. Such a table is 
given as Table C (one-tail probability) in the Appendix at the end of 
this book. While referring to any *F’-table, one should remember 
that the horizontal degrees of freedom given at the top row of the table 
refer to the degrees of freedom for /arger mean square while the vertical 
degrees: of freedom: to the smaller one, For instance, if the greater 
mean square is based on 8 df while the smaller one on 20 df the 
selection of the correct ‘F’° value from Table C is 2°45 (5 per cent 
level). for 8 (horizontal df) and 20 (vertical df) degrees of freedom 
and not 3:15 which is the value for 20 (horizontal df) and 8 (vertical 
df) degrees of freedom at the same level of significance. | ae 


The table value of 2-45 at 5 per cent level for 8 and 20 df merely 
means that, even if the population mean squares are same, an observed 
ratio s,7/s,* of two sample mean squares estimates might exceed this.value 
of 2-45 only in 5 out of 100 cases enirely due to-chance factors. Thus 
whenever an observed ratio exceeds the table value, it casts doubt on 
the tenability of equality of mean squares, since such a situation 
can happen only in a small proportion of cases. 


2.5.2 One-Tail vs. Two-Tail Tests 


_ F” criterion may be used for testing the equality of variances* 
against any specified alternative hypothesis H, concerning these two 
variances. For instance, even though the Null-Hypothesis H, remains 
the same, viz, o,2 = c.*, asserting theequality of variances, the 
as >) Gor ae a 


| ‘ : : q ; : 4 
Variance is also a mean square when deviations ar¢ measured from their mean, 
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alternative hypothesis may be any of the following types: 

(1) 0° > 99"; 

(2) 047 <0)"; 

(3) oi = Op". 
Since hypothesis (2) can be reduced to form (1) by specifying o,2 > 0,2 
essentially there are. only two types of alternative hypotheses. The 
type of hypothesis o,2 > o,2 or o,2 > o,2—implies a one-tail F-test 


and the hypothesis of the type o,27,? calls for a fwo-tail F-test. 
The choice of any one of these forms.is often indicated by the nature 


of the problem. 


. One-tai]l F-test—In an experiment to, study the characteristic of 
the yield variability of two varieties of bajra, HB-I and local,it was found 
that HB-I gave rise to a SD of 2:1 kg./plot and the local 4-2 kg./plot. 
Assuming that each variety was tried on 10 plots, it is desirable to find 
out whether the hybrid variety is significantly less variable in yield than 


the local one. : | 
Step 1: Formulation of hypotheses.—Since * F’ criterion deals 
with variances in place of Standard Deviations it 1s appropriate to 
formulate the hypotheses as: | 
(a) Null-Hypothesis Hp: o,? = on? (hybrid and local variety vary 
: to the same extent). 


(6b) Alternative hypothesis H,: o,? >o,? (local variety is more 
: variable than the hybrid). 


: Step 2: Level of significance——Choose 5 per cent or 1 per cent 
level of significance. | 


Step 3: Choice of the test-criterion.—Since we are dealing with a 
problem of comparing two variances, the appropriate test-criterion would 
be the ‘ F-test given by, : 


_. Larger mean square 
Smaller mean square " 


For the present problem, 
(4-2)? : 


(2-1)? = 4-00. 


F = 


Step 4: Conclusion.—Referring to Table C for 9 and 9 df, the 
table values for F at 5 per cent and 1 per cent levels of si gnificance are: 
F = 3°18 (5% level) 
F = 5:35 (1% level). 
Since the observed value being 4-00, is more than the table value of 
3°18 at 5 per cent level, we may conclude that the hybrid variety seems 
to be significantly less variable compared with that of local variety. 
However, this assertion does not seem to be true at 1 per cent level 
\ 
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Two-tail F-test.—In the previous illustration the type of alternative 
hypothesis was implied by the nature of the problem itself.* Also there 
may be situations such as the one in testing the equality of variances 
before applying ‘7’ test, wherein the alternative hypothesis may not 
be so obvious. In such situations we have no basis to assume either 
g,2>o_? OF Gg” >0,", It ts reasonable in such cases to reject Null- 
Hypothesis whenever F is significantly too small or too large. In 
other words the basis for rejection of Null-Hypothesis in such situations 
indicates the need for two-tail F-test. Since values given in Table C 
are meant for one-tail test situations, those values would serve as appro- 
priate values for two-tail situations also but only for 10 per cent and 
2 per cent levels of significance. However, to meet the requirement 
of 5 per cent and 1 percent levels for a two-tail situations also, a 
supplementary Table C1 for F values is given in the Appendix. The 
reader should keep this difference in mind while Choosing the appropriate 
F-table depending upon one-tail or two-tail situations. 


An example.—As an illustration of a two-tail F-test, let us consider 
the example given in Table 2.3 for testing the significance of the dif- 
ference between two sample means. The estimates of the two sample 


variances are: } aps eee 
For Group A: 


\ 
vy. — 2=10)? + (10—10)? + (13-10)? + (11-10)? + (7— 102 


= 5:00. 
For Group B: | 
V. = SEY OO 1) 04 13)? + 0S—13)*+-(11— 1398 


= 5-5. 


The problem is to test whether these two sampl i 
@ e : ‘ e 
Significantly or not. | Pe Variances differ 


Step 1: Formulation of hypotheses.— 

(a) Null-Hypothesis H,: o,2 = o, (equality of variances in. the 
population) 

(5) Alternative Hypothesis: Hy: o,24o,2, 


The reader will notice that o,°~ 7," is the 


iS Si appropriate 
hypothesis since we do not have any evidence t et alternative 


O assu 
18 greater than the other. | | me one variance 


Step 2: Cho; 3 rete ee te 
Per scent woe of the level of significance.—Choose 5 per cent or 


ee 


If, On the Oth h ‘ : _ 

Variable than th er hand, the investigator was not-sure that hybrid vari 
2 1 the local, th ; w~ uyOrld variety was less 
Y * of and not 0, > ga, > MOF appropriate alternative hypothesis would be 
i a : 7) ‘ ’ 
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Step 3: Test-criterion.—Since the problem is one of testing the 
equality of variances, the appropriate test-criterion is the F-test given 
by: 


__ Larger mean square 
~ Smaller mean square 
—s o°S —— 
5:0 
Step 4: Conclusion,—Since the alternative hypothesis implies g 


two-tail test, the appropriate values for F at 5 per cent and | per cent 
levels of significance for , — 1 = 4 and m—1=4df are available 


in Table Cl. The F-values are: 
F = 9:60 (5% level) 


|e 


is], 


and 
F = 23°15 (1% level). 


Since the observed F value of 1-1 is well within the chance values 
for F, we do not propose to reject the Null-Hypothesis of equality 


of variances. 
2.6 TEST OF SIGNIFICANCE FOR ENUMERATION DATA x?-TEST 


In the previous sections we discussed a few of the main applicaticns 
of certain important tests like Z, t, F. characterising at the same time, 
the basic logic underlying such tests. One main feature of those tests, 
the reader would have recognised, was that the type of data was quanti- 
tative in character. There are numerous occasions where the data are 
purely qualitative or enumerative in character. Such enumerative data 
are characterised by the frequency of occurrence or non-cccurrence 
of events or attributes expressed as counts or proportions or percen- 
tages. We shall consider in this section, a very versatile test known as 
Chi-Square test (designated symbolically as y?-test) that can be applied 
for varieties of problems arising in qualitative or enumeration type of 
data. We shall however consider only a few important applications 


of this type. 
2.6.1 x*test as a Goodness of Fit Test 


The class of problems arising under this type involves testing for 
the significance of difference between observed frequencies and _fre- 
quencies expected on some prior hypothesis. or rule. The situation 
may be typified by the following example, 


_ Example 1.—Suppose one is interested to find out whether Mende- 
lian Law of inheritance for shape (Round and Wrinkle) for peas is in 
accordance with the ratio 3:1. Suppose further a randomly selected 
sample of 960 peas shows 704 round ones and 256 wrinkled ones. Do 


4 ) ‘ 


these observations conform jo the expected ratio of 3;1? 





TESTS OF “IGNIFICANCE 75 


The reader should recognize in this example that a typifying feature 
is the formulation of some rule (3:1 in this case) on which to expect 
the distribution of frequencies of observations (720 Round and 240 
Wrinkled ones) in different categories. Once such a rule or hypo- 
thesis is formulated, the next Important question is to test whether the 
sample observations conform to the expectations, apart from any possible | 
differences attributable to mere chance factors. The X*-test is, in fact, 
devised to provide a means for concluding whether the overall divergence 
between the observed frequencies and the expected frequencies is 
statistically significant or not. 


3 The test-statistic, proposed by Karl Pearson (1900) is given by the 
formula 


; 
of (O; = 1 (Opr Ey? Os— Fa): 


E, 


EF, 


i=1 


| ye = 


4 O:— EY Oxr— Fy 


E; ee (247) 
in which y? is the test-statistic and 
K =number of groups or categories 
O, = Observed frequency in the i-th group ((= 1, 2,...k) 
Ek Expected frequency in the i-th group ((=1, 2,...k) 
& =the summation notation indicating the summation of 
the expression (O — E)?/E over all groups. | 


In our example, since we have only two categories-(Round 
Wrinkle) k = 2, O, = 704, O. = 256. | £0 ( and 


E, = # (960) = 720 (Round ones) 
and ) . | 
F. = ¢ (960) = 240 (Wrinkle ones) 
The value of x* will then be, 
» __ (704 — 720)? 4 (256 — 240)* 
mem 240 
= 0:36 + 1:07 = 1-43. 
Before proceeding to the interpretation of this value for x?, 1t would 


be worthwhile to have a second look into the formula for y?.to obtain 
an intuitive meaning for the same. It may be noted that: 


(1) When observations made are in complete agreement with the 
©xpected or hypothesized values (when every O; = E,), the value of x? 
variably turns out to be zero, since each O,;— E, = 0. 
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(2) Greater the divergence between the observed frequencies and 
the corresponding expected frequencies (as the .O, “ine increases), 
larger the value of x? will be. In this sense, larger values for y? are 
indicative of falsity of hypothesis. | 

(3) Whether such divergencies (O; — E,) are positive or negative, 
the value of y? is always positive, since each such difference (O, — E,) 
is squared in the computation of y? value. Note that the denominator 
E, is always positive. : 

(4) The value for y?2 increases with increase in the number of cate- 
gories, since each group contributes something to y” value. 


(5) The appearance of E in the denominator acts as a kind of 
weighting factor in weighting the evidence of each divergence between the 
observed frequency and the expected frequency, _in relation to the size 
of the expected frequency. For instance, in our example, a discrepancy 
of 16 between the observed frequency of 256 and the expected frequency 
of 240in Wrinkled category is not of the same significance or importance 
compared to a discrepancy of 16 out of 720 and 704 in the Round cate- 
gory. This way, x” test weighs each evidence of discrepancy with 
certain weightage. 


With this intuitive meaning into the formula. for x?, the interpreta- 
tion of any computed value. of y? will thus have to take into consideration 
not only the factor how large the value of y? is, but also the factor, 
how many Categories or groups’ have contributed to such a total 
of x*. For instance, a computed value of 7-53 for y? based on 
only two groups is of greater significance than the same value 
obtained in the case of 5 or 10 categories. Expressing the same in 
technical jargon of statistics, the interpretation of 2 value depends not 
only on the size of yx? value but also on degrees of freedom on which 
such a value of x? is based. Though the reader is already introduced 
to the term * degrees of freedom’ under ¢ and F tests in the previous 
Section, we agree with the reader who says we have left this term still 
vague with regards to its meaning and definition; not only that, we 
ask him to bear with us for some more time until Sec. 2.6.5. Now 
to interpret any x® value, we first note that, even if the hypothesis 
(3:1 ratio in our example for instance) is true (giving rise to the 
expected of 720 Round and 240 Wrinkled peas in a random sample of 
960), any particular sample of observations rarely, if ever, coincide with 
the expected values, resulting with an anticipated value of zero for is 
as mentioned under (1) above. Almost always it happens that, even 
when the hypothesis is true, the y? value, instead of being zero, will 
be different from zero, because of purely chance deviations between 
observations and expectations. This gives rise to an important question 
viz., when and at what value of x* shall we conclude that it is high enough 
tC disregard the role of chanc. factors. As in the case of ¢ and F tests 
x a (Table D in Appendix) has been prepared for different degrees 
of Ireedom and for a few chosen levels of probabilities. 


x* table (Table D in Appendix) is based on th ne disti 
; ° ° e ° e c sa I 5 
ic of x? statistic, with different degrees of freedom, fret I to 50 As 
i : e mal of t-table (Table B in Appendix), the top row gives a few 
gnosen ieve's of probabilities p ranging from 0-99 to -01, while the first 








TESTS OF SIGNIFICANCE 41 


sives the degrees of freedom (vy) from 1 to 30. The numbers in 
oe body of the table refer ‘to the x*-values such that, for a given degrees 
of freedom, the probability of obtaining a sample ?-value this large 
or larger, purely due to chance divergence between observation and 
expectation,.is p given at the top of that column corresponding to that 
© value, For instance, in the row corresponding to 1 df and column 
n=0°05 we find a value of x* as 3°841, This. means, the probability 
of obtaining a y*-value as high as 3-841 or higher, purely due to chance 
factors, even when the hypothesis is true, is 5 per cent or less (Fig. 2.5). 

F[x*] 


[ ONE dF} 





° 1 2 3 


coos 3-84 
Fig. 2.5. The X? distribution showing 5% critical region. 


Thus, for the-example under consideration, noting for the present 
that the df is one (see Sec. 2.6.5), the observed value of 1°43 for 
x" falls below 3-841 and therefore we conclude that the evidence of 
observations is not strongenough to disregard the chance factors. In 
other words, at 5 per cent level of significance, we do not reject the 
Null-Hypothesis that the divergence ‘between observations and expecta- 


“ions is purely due to chance factors and conclude that inheritance of 
Shape follows Mendelian Law of 3: 1 ratio. 


Example 2. 


—Suppose the sample of peas in our example were 
_ further classifie 


d by their colour (Green or Yellow) resulting in the 
TABLE 2.4 
. Showing steps for the Computation of y° 


: - Observed Expected 
Shape and Colour 


frequency frequency O,—RE, (O,—E,)* 
(O;) : (E,) : Ei 
et iN 
- 1 2 3 . 4 5 
ound and Green $22 540* —] 3 
Round and Yellow ‘182 : 180 © re, “re 
tinkle and Green _—192 180 +12 0.80 
Wrinkle and Yellow 64 60 414 0.27 
Serre i 7 2 
TOTAL _ 960 960 QO 
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. is now Interested to 
ee ‘ons (Table 2.4). One, is n teat 
Lert ing " observa orn to the hypothesis of independent segregatio,, 
whetnc r ay Bs | 
‘1 the proportion 9: 3: 3: I. 
bserved frequencies ; 
2.4, column 2 gives the obse | In 
Pf of oka sol a The expected frequencics, expected on the prior 
ea bution of frequencies in the propotion Ie 3 23: 4 


thesis of distr } ! ; 
different categories listed in column I In that rhage are given in 
column 3. For instance, inu sample of 960 peas we shou expect 


(9/16) (960) or 540 peas in Round-Green arg (2/16) gre “i : 8() 
peas in the next category and so on. The reader sho a e that, 
given a hypothesis or a rule for computing the gel requencies 
and the sample size, the expected frequencies are all fixe even before 
the collection of any data. However, the distribution of observed 
frequencies in a sample of the same given size, may fluctuate from 
sample to sample. Then the task of the x?-test is to find out whether 
or not the observations conform to the hypothesized frequencies. If 
the hypothesis is true, then rarely it happens that sample observations 
deviate violently from hypothesized ones. In our example above, the 
final y* value turns out to be 1:69. Columns (4) and (5) set forth the 


necessary steps in computing the value of y”. 


As pointcd out in Example |, the interpretation of this y° value of 
1-69 depends on the degrees of freedom which, in this case, may be 
shown to be 3 (see Sec. 2.6.5). Referring to Table D (Appendix), 
against 3 df--we. find a-yv2* value of:7°82:under p=0-05 (5 per cent level). 
This table value implies that, even when the underlying. hypothesis of 
9: 3: 3: 1 is true, the computed. value of y’ for. an observed sample, 
instead of being zero, may turn out to be as large as 7°82 or Jarger, as 
a result of chance deviations from expected frequencies; and _ the 
provability this happening has a chance of 5 percent of less. Since our 
observed value of 1°69 for. x’ is below the table value, we conclude 
that the evidence from sample. in. Example 2 does not throw any 
doubt on the hypothesis. | cee 


2.6.2 x*-1est as a Test of Independencé (Contingency Tuble) 


In the previous section we considered the application of y'"-test 
lo situations in which a rule or a hypothesis was available, based on 
which we could compute the expected frequencies in various categories. 
In this section, we shall consider the application of y*-test to another 
type of situation to test independence of two or more variables. When 
individual are Classified simultaneously on two variables, the resulting 
table of cell frequencies. is called a contingency table. Chi-square test 
ae be applied to contingency table to find out if the two variables are 
4 ependent or associated, We shall first consider a concrete example. 

ater in this section, formulas :for general cases will be given. 


Example 3.—In ‘a survey of fertilizer i ia. 
cy « practices in India, of 
fe horn cotton-growing-fields selected for the -survey was reper on 
oon ps of irrigation ‘practice (Irrigated and Not-Irrigated) 
in the f Sacco of manuring (Manured and Not-Manured) resulting 
© folowing. contingency, table (Table 2.5). | eee 


~ 


coe re hy 

ee ari ar re 
& ae - - . L/ are 
hs ao A, se : i jes oe 
+ 3 Qo ary \. 
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_ following: observations, (Table 2.4). One . 18. ROW. interested to »test - Be 


whether our data conform to the hypothesis of independent segregation | 
In, the proportion 9:3: 3: 1. OE Peg ete 


"In -Table 2.4, column 2 gives the. observed. frequencies ene ee 
different categories. The expected ‘frequencies, expected on the 4 oe Te 
hypothesis of distribution of frequencies in the propotion 93:8 ee 

for’ differeft categories listed in column I in that order, are ae cot: ah 
column 3. For instance, in a sample of 960 peas we should RPO SNA SB 
(9/16) (960) or 540 peas in Round-Green category, (3/16) (960): ‘or page. Cae 
peas in the next category and soon. _The : reader should note t avin 7 
given a hypothesis or a rule for computing the expected frequenci¢e 





and the sample size, the expected frequencies are all. fixed ren bee oy 
the collection of any data. However, -the distribution Of CORES. 


frequencies in a sample of the same given size, may fluctuate. from 


> sample to: sample. ‘Then the task of the x2-test is. to ‘find out ogee whe St? Oe 
' or not: the observations conform to the hypothesized. frequencies. Sn he ee 
the hypothesis is true, then rarely it happens that sample. sce teat pT Sage 

deviate violently from: hypothesized ones. In our example Re Bere the! .. 
final y? value turns out to be 1°69. Columns (4) and (5) set fort ME epee 


necessary. steps in computing the value of x. | ns ; 
_ As pointcd: out in Example 1, the interpretation of this x* value = 
1-69 depends on the degrees of freedom which, 10 this case, bene 
shown to be 3 (see “Sec. 2.6:5). Referring to Table: D (Appendix), : 
against 3. df-we- find.a-x?'value of 7°82 under p=0'05 (5 per cent leve - | 
_. This table value implies that, even ‘when the underlying hypothesis oa Meaty 
- O+ 3: 3: °L is’ true, the, computed value of x’ for. an observed sample, 9.) 


' instead of. being zero; may turn out to be as large as 7° 82 or larger, as. baie 
_a_ result. of .chance deviations. from expected frequencies, » and. the — 
probability this happening has a chance of 5. per cent of less. Since our 
observed value of 1°69 for x’ is below the. table value, we conclude = 

~ that the evidence from sample in Example 2 does not throw any _ i 
doubt on the hypothesis. i es, sige y te 7 be pe a hee 
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ee a 26. 2 yt est as | a Tést of Independence (Contingency Table). . | 


In the previous. section we considered the application of x"-test 

to situations in. which a rule or a hypothesis was available, based on 
which we could compute the expected frequencies in various categories. _ 
Mme. \ tH this section, we: shall consider the application. of x*+test to another — 
imi \ type of situation to test independence. of two or more variables. When 

eo | gadividual are classified simultaneously on two. variables, the resulting 

ABM <2" table of cell frequencies is called a contingency table.. Chi-square test 
TRIPS) “A ay be applied to contingency table to find out if the two variables ate 
pases | ("| rn independent or associated. We shall first consider a concrete example. . 
AT. | Later in this’ section, formulas for general cases will. be given. -— 


Loc’ Bgample 3-—In a survey’ of fertilizer practices in India, each of 
GH -.| she 323 cotton-growing fields selected for the survey Was classics Of 

a ste fwi nicriteria of irrigation practice. (Irrigated and Not-Irrigated) 
Bi); | / tbe, he practice of manuring (Manured and Not-Manured) | resulting 
Hl i 2 Sne following contingency table (Table >) 90 


\ 





"bts 0 OF ciation | Sy 2 7 “4 ‘ i 9 ae 


; 7 eed os 
\ a stay ; a te Fa eee ier ae ee Y mes 
‘ ‘ ° ; “| ri ‘ a Can Gs ‘ ‘a ; _ ne «als ag a ays nce ay ',! : 
: ‘ ve aye \" TABI B | a RUIN, Aig * “ady 4. ee ae erate rege i) 
‘ ; v - ae ey or | f oyhet 2 PAR ire wh 
t 





TE — iz cay ae ie Cea 


: ve! i r | y's ce } ' ‘n a 7 1 Oe ee OO a teak a ae pee She ‘ 
yaa ee ‘Wiigatea , 7 Ne elo Toad Pen een ee 





Manured : 2 ate 15. ‘ . o ; 35°) oe 110 7 - 


-Not-Manured | “ LIS, me 2 x 98" fae oat 








Tora. “nye ee 





* * Sourey TAR! hha ay ees f : 


Vary ea 
} A My tey 


‘ft is, réuired to test ‘whether. the piactice “of ‘iigation and the 
practice, of manuring: are: inceomndent or related. *, | | 


The. computation’ ‘afx 2’ proceeds. as :. follows: We first’ fonmilate? 
the Null-Hypothesis that these ‘two. factors—Irrigation and “Manuring ~ 
—are’ independent. © That ‘is; “the ‘practice’ of manuring is not influenced | 
by the practice: of irrigation.’ What. is, then: the: consequence. of this; 


Null-Hypothesis ?As‘a. consequence. of this hypothesis of independence: ae fy 1 ee 


it is teascnable to expect that:the ‘proportion..of the number, cf fields \.- 


Ty be att a 
hae i ‘ 


manured ‘within ‘the irrigatéd ‘category should’ be. the ‘same -as the “pro- wt . 


portion. of the number of fields. ‘manured . under. not-irrigated, ‘category. 


‘Further,’ the. best estimate. of this. proportion. is given by. the.: “propor re 


tion of the’ number. ‘of fields: ‘manured, VIZ.5": "110/323 ‘out’ Of.a: “total: OF 2: 
323 fields. In. other: ‘words, we. ‘should expect: (110/323) (190): or: 64-7. 


fields. to’ be manured iD: ‘Jrrigated category: and oes (139).¢ or t AS: 3. 
| fplds to. be manured in, ‘Not-Irrigated category... 


‘Thus’ we “expect. the’ following frequencies in: ‘thie fou cals as. a | 


consedinence ‘of the: hypothesis of ingepeneience (Table | 2.6)2. 


Pee “Tame 2.6. ee 





beep seh, \s van we 


“nigated onions “Tela oy 7 : “y ss 





- NorManured a “105: 3 “87: 7 aes ra He Be 








J 


. ‘The observed and. the expected freatidncies iain with other: columns 
to. compete x® are set forth in the somes. = (rable 2.1). 


ee 
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Computation of x. 


rer 








, Observed , Expected | - 
Category’ ' frequency’ ‘Frequency O, —E; (OQ, — Eo° 


_ (0) ———— {E))-- Rees - ETE 





ornate § 


Manured and Irrigated 75 OT +1033 1-64 


Wand GAG. hes cece oa bce ene rtcmect + ae as 
Not-Irrigated =... 35 45:3 —10:3/ gd dd 


Not-Manured ONG iyi. ig Se uetn ae a tee ve hata ats F 
‘Irrigated | Oo 115": an 125.;3..- ee 0 8) 


Notas see] 9B, <x ag Buhl — aa; oe ya lig 





bev ed ; iné 
+ In’ a 9 x 2 ‘eontiigency atte alt (O28) | ae ‘alway ss sam except for 
a Sign. a Oe AE Ei LF de vat DS hao isos G2! ek oe 
an ery , _ ae ope Sree r ot ae ere 
errs hy an, wad 7 WHEE bs st rT IEEe “shod i sedirmnreod: poo ENS ANE 


* The® cantjiateey ‘value’ ‘of’ rat 04) i wihient ‘compared ‘with ‘the: ‘table’ : 
value of 3°84": ‘(Table 'D in” “Apperidix)” ‘for’. 1° df ‘at~'5 per cent ‘level: © 


‘of significance, It’ is: ‘evident ‘that“a’ value as: high as 6-04 could not 


- have ‘arisen’ purely’ due.’to’ chance; factors.’ “Hence: “we “reject. the’ Null- 


Hypothesis of independence “of the two’ ‘factors—Irrigation and Manuring 
—and conclude that they .are. mutually - related. In. . fact, the. reader 


| would-notice ‘that ‘the. table” ‘yaltie’ of x2 ‘for on edt. at’ ‘TE Der. cent level i is” 
6: -64 and. we. ‘cannot ‘be. sure ‘of: ‘this teldtionship: at 1 per’ “cent level. 


The same value of x”, yiz., 6: 04% can’ ‘be obtained | by considerin g the 


proportion»: ‘of irrigated: number: \of fields “within’ éach of the categories 


of -Manured. _and—Not-Manured.—The--reader- -may-satisfy-himself with 
this by., working. out. the expected frequencies by this way. 


i. epun oD as } ryi rap d VRth 


‘When’ we airs a2 x2 contingency t table-as i in Example 3, the com- . 
putation | on of y? may may be greatly simplified by the use of a ‘simple formula — 


when nofie ‘of the expected cell-frequencies is less than ‘5: or’ preferably 
less than 10. The formula is- given by: 


ce % a are 


2 es 7 7 
CT CFC DESO +A FO (2.8) 


¢ £ 4 fe ps 5 
‘gig? Ue wat ‘ 





. ~giheré a, b, ¢, date re aoe eell-frequencies as, given. in, the schematic | 
table (Table: 2, 8). iis oT rv ra D Ua ge 
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“Schematic representation of a 2 x 2 Contingency sable’ Re, Sates Se 
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} to the i-th and aval column totals. 
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_ 4-66) | (27-52)* (328) 4 (4 66)F 
= 373-34 + 197-48 7 236-18 "8666 


(27-52)? : (32: (32-18)? 
aoe ae + ar 52 54-82 


= 45-03. 


The df for ar xc ¢ contingency table may be shown to Be (r— 1 Ke 
(c — 1) when we are testing the hypothesis. of independence. Refer- _ 
ring to Table ‘D (Appendix) with (2—1)6-—)=2 df, ‘the value 
for x? at 1 percent level. is 9-21. Since the. observed value of x?. 
(45: 03) far exceeds the table value, we reject | the hypothesis of ~<a 
independence and conclude: there is a strong evidence. of relationship - pu 
between -mortality rate and season, with, highest. percentage. cag 
per cent) of. death in Winter and lowest (9 per cent) in Rainy season. 


A convenient formula which imay be used for the direct computation 
of expected frequencies i in the general case of r.x-¢ contingency table 
is given. below.’ : Table 2.10. refers to the schematic representation | of 
r X_c table in. which f;’s refer to the observed frequencies, and ny mM; 
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where Z extends over all rc cells. 


ya 6. 4 Direct Computation of x? in a 2 x C Contingency T able 
‘When r = 2 in the above case, a direct computation formula, with 
less labour of computation, is available for computing the ting. the 
x?, directly from the observed frequencies and without acne argina = 
expected frequencies. Let the observed frequencies and‘ the “m 7“ 


totals be as in Table 2.11. an 
~ % TABLE 2. 1 | Pa. 

Schematic representation of 2x contingency - table of sbserved 
- Srequencles: eos ay 
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= 797; = 185, N= 792. 
rn) (7) — uaay & = 0-17 
(fi) (i) = (553 | 553) | 
nt _ (BY 646°85. 
TN "982 
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- Supstituting these values, x* = 45:03, as before. | 


2.6.5 Degrees of Freedom | Zz _* df Be 
In an earlier section, we’ promised ‘the ere a yee eco a 
determining degrees of freedom would be providec. 0 gimp. E 
-* degrees of freedom ’—an élusive term indeed |S “tag of ik 
one to explain, it is hoped that, with the, x aa en hé 0S ee ee 
its determination. given here and elsewhere. (Ch. 7 ‘role in tests of : 
grasp the intuitive meaning. and would appreciate ii" f ‘ts determina-. 
significance. . The intuitive meaning and the metho f he eS caus 
tion for a given situation may. best be brought oul ™ D6: for itis" = 
We shall consider our previous examples in this fied to enumerative |. 
tration purpose. The degrees of freedom, .as app ro | ncies one has: ao 
~ data, may be defined as the least number. of op sce py odes in the.” Ss 
to compute in order to ‘complete all other expected. oe: “dé foreach”. a 
remaining cells. , We shall apply this. rule to determine the,. at Spe ot ee 
of the examples comisidered in Sec. 2.6.00 
ample 1:(p..74).—In this example, we have to determine two - “: 
mipected ‘feaquencles, since we have got two categories, VizZ., “Round 8 
and Wrinkle. It may, however, be recognized that it Is enough to 8 =: 
compute the expected frequency for any one cell (Round or. Wrinkle), . : 


ince the other: one is automatica | 5 the two frequen 

| all add to the total 960. Thus, the df for this situation 1s one. | 
Example 
frequencies to 


any three of them before determining all-the four. The fourth one is 


automaticall 


quencies should add up to 960.. Hence, the df for this problem is 3. 


Example 3 (p. 78). —In this. example, as in Example 2, there, are | oe 


four expected frequencies to be determined, but the df reported there 


is one and not three, asin Example 2._ Why ? For making the difference 
clear, the data of the two examples,.along with their expected frequencies — 


__ (given in brackets) are reported in Table 2.12. © 
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frequencies are computed are different. In Example 2, it is 9:3:3:1 -- 


(could be some other rule in-a general case) and is independent of 


observed marginal totals, whereas in Example 3, the expected frequencies | 


are based on observed marginal proportions. In the former ‘case, the 
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expected marginal totals need not add up ‘to the,observed marginal ~ 
‘totals’ while in the latter case, the expected marginal totals should) 
invariably add up to the observed marginal totals. It is this latter:restric-* 
‘tion that makes it to lose 2 df—one for row. totals and -one for column 
‘totals, thus reducing the degrees of freedom from 3in Example 2 tol: .. - 
in Example 3. In other words, in Example’3, if we'compute any one™... _ 
expected frequency,.we can make out all the other 3 expected frequencies |. 
from the knowledge of marginal totals, while this is not possible in the « 
case of Example 2. (Note: Expected marginal’ totals are not known © 
until we determine at least three expected frequencies.) — Loy WA 


_..; In a general case of rx c tables the total number of: expected _ 
“frequencies to be determined. are rcin all. Ifthe cell proportions © 

are hypothesized’ for all cells, then the degrees. cf freedom for |. 
such a table is (rc --'1), since knowing all (rc— 1) cell frequerciés 
(expected), . the:.remaining. one can be: determined as all the. _ 
_-re values should add up to the grand total. In the case of rx ccon: 9 
_ tingency table used for. testing the hypothesis of independence, the. 
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degrees of freedom may be shown. to be v phe, ee given problem. - 
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_ The importance of degrees of freedom i st: 

can hardly * ignored. For instance, the table values x? Ne Lemay 
Appendex) are determined from a'-theoretical probability curve. 
Z, t and F.” Since the mathematics of such cur 
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Notice first that the shapes of the curves are different for different” ban 

df-and secondly, eventhough the same amount of shaded area, V2). 
. Sper cent (of the total area which is equal to unity) is shown in each. 
_ gtaph, the corresponding x?-cut.off points .are different. in different. 


_ curves. Thus the following statements are equivalent: 9°. - 


1... The probability that an observed x2-value exceeds 3-84 purely. . 


due to chance factors alone is 5 percent or Jess when df is one. |... 


2. The probability that an observed x? value exceeds 9-49 purely we : 
due to chance factors. alone is (also) 5 per cent. or when df is four.» | 


3. The probability that an observed y? value exceeds 18-31 purely:.-- > 


due to chance. factors alone is (still) 5 per cent or less when the: df is ten.” e 
- These cut-off points, 3-84, 9-49, 18-31 are. al De Re 
matically ‘under the operation ‘of probability laws.. The reader “may. ae 
recognize that these values are reported in Table D under P= -00 - 

_ or 5 per cent against their corresponding’ df. Similarly other values are 


1 obtained mathe- > 


also computed in the construction of Table D. It may be pointed — 


out the same.theme runs through the construction of other tables. like ae ote 


t and F (Tables B and C). 


_ With the foregoing explanations, it is hoped that the reader would °° 
appreciate the meaning and importance of degrees of freedom in tests — 
_ Of significance. © Pe ue a oe 


A remark at this point is in order. As the number of degrees of 
freedom increases to 30 and beyond, the shape of the curve approaches © 
the normal curve so that normal probability approximations may. be | 
used. Since such an occasion is rarely mét with, we do not propose to 
go into further details. The reader, however, should not confuse the 
size n of a sample and the df. For instance, in-a 2 X.2 contingency © 
table, n may be 30, 300 or even 30,000, -whereas the df is still one. 
The degrees of freedom in y?-test is a function of number of categories. 
However, in the case of ¢ and F tests, the df is a function-of the 
sample. size, n the larger is the df. : 7 S eae 3 


2.6.6. Chi-square Test When Some Cell Frequencies are ‘Small | a ar 


In section 2.6.2 (P. 78) we remarked in connection with: 2 x 7 
contingency table that, if any of the . expected cell frequency ‘Is less 
‘than 5 or 10, then a correction®™ term 1s necessary to obviate this situa- 


‘tion. Such a correction is used in all applications of y?. test where a 
single degree of freedom is involved and not otherwise-even though it ~ 


was not explicitly mentioned anywhere earlier. 





* Continuity corrections are never applied in the ‘general case. (i.e, 2x¢ 


x¢ etc, tables) where there is more than on¢ degree of freedom, . 


a 


~ 
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The effect of such a correction ‘term is ‘to reduce the vila of x? 
so* that’ whenev ry? (corrected) 18 _ significant, it 1s all the. OR. | 
A aipnifcant on: (uncorrected), though ‘not vice versa. eo Moaga : 


a NS 


_—_ 


“ Sepistignts: when’ observed fre guericies: are scaiatl 


——_-- 


_- 


the two . or -s 


| ee more neighbouring groups are scopes to obtain larger 3 feqoene* ao 


- correspon: sor ai _ reduce 


ANALYSIS OF VARIANCE, 0 


Rae ae yee 


_ 3.1. In this. chapter we will consider one of the most versal ea 
techniques known as Analysis of Variance and sometimes shortly termen ne 


as ANOVA for convenience. We do not propose to £0 into the. ull es a 
treatment of algebra of this important technique, since it involves eee ast 
plexities of many ideas and much mathematics. We merely try t0. aye pare 
down the bare principles and the computational mechanics Sng ti ee, 
could serve the purpose of this book. However, it may be emphasize Be oo HEY 
' that the mastery: of this technique is quite essential for Proper. under-.-. 
standing of the method of analysis of data, obtained by the, pplication: 
of varieties of experimental designs later.: The reader 1S" therefore: oa 
particularly advised to be familiar with the contents of this chapter." 
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_ 3.1.1. Meaning of Analysis of “Variance —Analysis ‘of | ee 
is atechnique of ‘partitioning’ the total variability present 10 4 set.-OL 
observations into different components of variabilities “produced by~ 2 _ 
different sources—some ‘known’. and others. totally “unknown. °°” 
Consider, for instance, a varietal trial with three varieties of wheat, - Pe 
say A, B, C, each of which is grown in 5 different plots.’ Suppose - . 
further that the yields .in kg.’s per plot atthe time of harvest are as 
“The inspection of the yield figures shows that. the variations in the ~ .. 
yields are present both among varieties-and within each variety: This 
suggests that the variations in the yield in different plots, sown with -. 
different varieties, are the results of influences from many sources which OME 
are large in number and complex in nature; sources. such as:varietal. 
- differences, the differences in::the. soil. fertility . of ‘plots, temperature, > 
- humidity, seed qualities, etc.,—all these and a large‘ number. of other 


. factors will be producing variations.in yields. Of these factors, one: — 

is a ‘known source’, viz., varietal factor, as this has been. introduced’ . 

- into. the experiment as a factor of main interest and the other sources —. 

‘are all ‘unknown’; and. although . their: influences. are. .* unwanted ’ es 

“they ‘still exist; <8" che sR De eae a os Pier a 

4 -The technique of Analysis of Variance’ tries to isolate the amount ~ 

: of variation attributable to the known-and the unknown. causés. ~ Let... 

us see how this is. achieved. Consider, forinstance, the yields in the . 

five plots sown with the same variety A. The yields are.7,.5,.6,.3, and: — 

4kg. per plot with a’ mean yield of 5 kg. per plot. Even though the”. 

game variety A is sown in each of the five: plots, the quantity of yield 
is not the same, viz., 5kg. inall the 5 plots. And this demonstrates 
the influences of many extraneous factors other than the variety.. This 
influence, in a way, may be measured in terms of the deviations. of 


“~~ 
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TABLE 3.1 


Yield in kg, per plot for three varieties of w 
a se hse eat 


heat 








Variety 
A B. C 
stein a il anh ieee IO GT 
7 10 414 
5 f2: 16 
6' 9 13 
3 8 (12 
4 16350 “Woe | 
Total yield 95 "45 65 “135 (Grand Total) 
Mean yield a ee eee: » 2 | 
Variety effect , - / -4 | 4, | 0 4 | 9 (Grand Mean) 


the individual yields: from their mean‘yield. ‘Thus the deviations 2,’ 0, 
1, —2, — 1, maybe viewed as the effect of extraneous factors on the | 
yield, or better by the sum of the squared-deviations, given™by ‘(7 — 5)*- 
+(5— 5)?+ (6— 5)? + (3— 5)? + (4— 5)? = 10. Similarly, a mea- 
sure of the variations produced by the-.external sources in the -case 
of varieties B and C are given. by (10— 9)? + (12 — 9)? + (9 — 9)? 
+ (8 — 9)? + (6 — 9)? = 20 for variety B, and (14 — 13)? + (16 — 13)? 
+ (13 — 13)? +.(12 — 13)? + (10 —13)? =20, for variety. C.- Since 

each is a reflection of the influence of the. uncontrolled factors, we can . 


obtain a pooled estimate of. their influence’ by their sum. Thus the 


total variability..observed due to.extraneous factors is given by 10 + 20 
20 = 507 gE ca ys at & f 
' Having estimated this, let us eliminate this source of variability 
and see what variability still persists due to differences among the 
varieties. Table 3:2 shows the yields under each variety after elimi- 
nating variation due to unknown Ssources,. _ . 4s ea 


- From Table 3:2 ve ‘see: some variability still’ ersi , sei 
4 . oe ees / Vd | sisting amo 
the observations in the sense that not:all the 15 man give ae to the 
same amount of yield, wiz.,9kg. per plot. This shows that. besides 
random fluctuations, different varieties produce different effects on the 


* Pooling admissible under assumption the experimental errors have a comin 


variance, 
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general yield level, viz., 9kg. per plot. These effects are indicated in - 
the last row of Table 31 PFor instance, variety A had a eid | 
yield of 4 kg. plot, compared to the general yield level of 9 kg. pet DIDI. 
whereas variety C showed a higher yield of 4kg. per plot above this: 
general yield level of 9kg. Thus the variability due to differences 10 
the varieties is given by : : ek 


S(— 4)? + 5(0)? + 5(4)*= 160. 


. . eee 


It may be noted that variety A has 5 plots and for each, the ar : 
will be less by 4kg. Hence, the variability due to variety Ais) X (4) f 
= 80;: similarly for other varieties. All these give rise to a total ne? 
160. It should be recognised that this variability 1s. a result of both" "— 
varietal differences and random effects, whereas the first component, 
namely, 50 is purely variability produced by random effects only. - 


ars TABLE 3. 2 | : 
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5 
5 
5 
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9 
9 
9 13 
9 
9 


13 


TorAL 2 45 65 _ 
Mean — 9 13 . a. 


Mm ~ 


. ‘ x * fe . 

a’ s pio? § Jjaat es ; ‘ " 
mae WN, ee Nihal Ko _—__ . 
#3 “7 a t =, 

- 


Note.—The elimination of variations due to extraneous factors results in 
the same quantity for yield in all the plots with the same variety. — 


Finally, it remains to be verified whether these two sources of 
variability account for all the variability present in the observations. 
For this, let us first find out the total variability present in all observa- , 
I tions. This is given by the sum total of the squares of deviations 
- of all the 15 values in Table 3.1 from their general mean. This 
works out.to: 


Total variability = (7— 9)* + (5-9)? +... £12 ~ 9). 
+ (10 — 9)? = 210, 





‘This figure agrees with the total sum of squared-deviati 
4 bable to the two sources, viz., due to varietal differences 
; all other unknown sources, otherwise termed as random 
or “Experimental Error.’ | 
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Thus we. get the fundamental relatic on. fle, Se ae we oo, 
nae (Fota varabii). Reema variety verb) + (ei or ie a 


~-" 
“20, 


a on a : a a Rae i 
oe (3.1), exp Sorat 
S.. “assume to... 

model J ante aes 
ted. ‘with. are 
h so. ‘that. | . 
“basis of statistical analysis. < 

ye The: underlying model. 


ee "5, 1. 2 “Linear + Model*—The- last : eepreselae : 
. total variability i in.terms of two components, : depends on som 
assumptions. Actually .a mathematical. linear. 
- “underlie..such ..an’ expression. However, : -without ‘going. sia 
_ mathematical rigor of this model and the. ‘assumptions ‘ass© 


| a : ~ the same, we: propose to. ‘present here: ‘a heuristic’ approac 
the reader. may appreciate . the underl 
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Ave SsB re et". 
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ve ae pores os 1 jase re 4 
Lifer ESSE aN : 


wv: ~32 + hpiet a, 
wim ad Re tee lara Se 


- ‘ee 
. aie 
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- of experimental ‘data using . ANOVA: cael of two kin ds of effects: 


~~. is that an. observation. made i in'a plot is a resul 


and the, other’ due to various extraneous - fact 
~ term exponent * error Ot. simply error. Thus 


— 


into Te ; a Error’ 
aN getecit Acgarticubas ) -(e8 
Ree obsevition) = \ mean et). T can effect ffect 
a nee G2) 
on. 3h, : symbolically this would be, | 
oe ee ely =ptate, t= 1,2, 3 (varieties) 
oP eae TE J=1,2,3,4,5 lot) 
where, . 
we a, = an observation a in j-th plot receiving i-th treatment 
- (variety) , 
Vie =A true average yield if 7,’s were all zero. 
7, = the true contribution of i-th treatment effect. 


ae - ey.= the effect of the extraneous factors in the j-th plot receiving 
| : the i-th treatment, i.e., contribution from — ik aie aaa 
unit. 


Important assumptions made in the above model are: 


(1) The contribution of. the i-th treatment effect 7, (the true effect 
but unknown) remains the same irrespective. of the experimental plot 
to which it is applied. | 


(2) Similarly, the -contribution of the j-th experimental unit 
_ remains the same a of the treatment that experimental unit 
receives. | : 
oe eee aes 


-* Though the population model: involves paramete 
ts, 
of the model is in terms of their sample estimates for convenienc : oh eee 


discussions. : ; 


tt effec | . : .. 


the model is expressed = ae 
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“¢ ) The above éffecta, ‘are. independent | of each other and are * s “3 


a 
dditive. in. determining: the Observation Vise. 


Other: as | | 
sumptions are. that these errors. <i are -dndependéntly’ and 


normal di 
y distributed with zero mean and same variance, with «jj adding 


to. z€ro within 
Th any given . ‘treatment i... In. the above ‘additive ‘mddel,. ° 


e true value: 
S Of. r,- are never ‘known and are: therefore to be estimated. ae ss - 


from. the ‘experimental observations. 


the 


uAS 


above model for the sample may be: written QS,0 2 | 
: _ Vig = “3p bh + eu F253: (Varieties) . E : a site we 
ae 242 12,34,5 0b. oy, ee 


Thus ds . ' : se ote , 
en these effects are “estimated: ‘oin sample aberrations Logie’ 


. - ° . : oe 
F “he an Pe Ne S ts ois 4 | , ‘ ee 
w ere, Baba ae Pair Ae 
ho ° oie ’ . ve ° : eo ° 44 i Re 
9 - sii . ae he) o> eats 5 ¥ . (1. 6 fe er fests ts ; ? eve 
ve ° rae , ee ‘ a eg a Te i vee? on ae 
—7s 5 ann ve oes Sela ak oN aT 4 
: m < 7 ° . 


cco 2 = Observation made in jth plot receiving ith ‘enin th oe 
oe “Ie = - The sample estimate of M; the overall average ‘yield in the nan ha! 
~ experiment. » EES 7 oe pan a4 


Oe a The sample. estimate of” T, ‘the effet of the th wsatmeni ~ * 


ey = The. eSpertinctingl error. “ Sommponient in pth ‘plot receiving, pe ae 


| i-th treatment in a. set of observation. — ‘. 
“he little explanation at’ this stage ‘is necessary eG. ‘appreciate “the : 


ee, importance of this model and its underlying assumptions. In this model . 
* treatment effect’ is defined as the deviation of the mean yield for that... 


a mean, the treatmen 


- treatment (variety) from the general mean yield. This type- of assump- a 


‘tion seems to.be reasonable since, if the treatments did not have any a 


influence on the yield capacity, then the yield for each treatment. (variety) ; 


should have been the same-as the general mean yield... Any deviation a 
from ‘this level is thus a measure of treatment (variety) effect... The -. 


effect of the variety of A is, for instance, (S—9) and those. of varieties . 

B and Care (9—9) and (9-13). These effects are given in the last row. 

- of Table 3.1. Similarly, the error effect in ‘any ‘observation i6 

. defined as: the deviation of that particular plot yield from the mean of — 
‘all the plots receiving the same treatment (variety). This again: seems’. . 
to be reasonable for, ‘f the extraneous factors did not ‘affect: the ‘yield, ~ 

- then-sall the plots receiving the same treatment (variety) should have’. 

shown the same. yield (the treatment mean yield), and any deviation from 

this’ mean yield ‘sa reflection of the effect of all the extraneous or UD- | 

known factors. The. crucial assumption made here is that the extraneous 

endent, will have both positive . 


influences (random errors) are all indep 
and negative effects which when summed up add to zero. 

_ This. way any observation can be expressed in terms of a general 
t effect and the error effect. _ For instance, in 
Table 3.1: - . 
7=9+(- 4) tat 5) ae (Yield _— Variety A 
16 =9+04+(@) (Yield under Variety B) 


4=94+4@4+0 © (Yield under Variety C). 
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_- tion,” (That is, total deviation’= treatment | 
OTe. tions of Se Ra i ea Page 


over all: observations, would. result in: the rel 


vera ( Total variation ) = ( “Variation © 


., number of observations, the observed variabilities are red 
bility per observation” thatis,“‘ mean sum of squares’. SID " Ka 
ns | squares of 50,..the - 
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-. 15. Instead, this is divided by 12, which is the t 
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variability at all, since this would contain the 
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‘ee ‘y : Seat rs soy: r 47 Ge Se tise s : ‘ tseSie id ‘ a 8 3 < - ' : 
| 7 t, +e, im which “case — 
attributable to any observa- — 
t deviation - error devia-’ 


In general, yy =F + te + ey OF Yu — J. 
(¥ij — 5) is a measure of: total® variability 


. 
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‘— 
sy . 
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(tdtal, treatmen 


By squaring and adding such deviations , al, hook. Cas 


) tween Group, (Within Group 
ation” )i eA. ’Vatiation Jy |, 


"3.1.3, Mean Sum of Squares—The total variability, that due JO. 

Varietal differences, and due to extrane dus Longines though informative,. 

_ are by themselves not very useful for: further .1nterpretation’ « . | 
ae, their values depend on the-number of pare beer agi , ne 

_ Of observations made for each variety. In. order to OUSCL: thle we 

re si pha / bilities duced to. -varla- | 

Since there © 


are 15 observations in all, yielding an error sum of squares” 
mean sum. of squares can, of course, be calculated by dividing 50 by 
he total number of observa- 
freedom which 
indicate actually the number of independent deviations from group means, 
contributing tothe computation, of error variation. Even though we 
have 5. deviations from each~mean, not all of them are independent; © 
only 4 of: them are independent, the value of Sth deviation being 
‘fixed by the condition that the sum of the 5 deviations from each mean 
should be zero, Similarly, to obtain the mean sum of squares for’the — 
varietal variability, we divide the value 160, not by 3 (number of varie- . 
ties) but by 2. Although 3 deviations (the deviation of ‘each 
varietal mean from the grand mean) were used in its determination, this 


. sum. of squares has. only 2 df since there can be only 2 independent 


deviations for the same reason as explained above. This gives rise to. 


the mean sum of squares equal to 80. We do not compute the mean 


sum of squares for total variability (the value 210 divided by 14), since 
between the 3 varieties this does not form an independent source of 


deviations .for its computation.* 


3.1.4. Analysis of Variance Table-—From the foregoing explana- 
tions, it should be clear by now that Analysis of Dae th pect des a 


technique of splitting up the total variability observed among observa- .— 
tions into contributions of variabilities coming from different sources. - 


The results can be neatly summed up in the form of a table called: 


Analysis -of Variance table or simply ANOVA table. : 
table for the data of Table 3.1 is pA in Table 3.3, ” oe 





* In fact, we are not interested to find out the mean sum of squares for total 
! two compon 
source and the other due to extraneous factors. ponents, one due to varietal 


itand-error), es 





pretation... This is- _ 





Veh > 8 


ences were to be absent and the ‘variability thus~ attributed -to ©. . 
varietal differences is . but: :a reflection- of. the variability produced: -.. 
by sources other than the varietal differences, its mean square, may not 
be exactly equal-to the mean square for: random -fluctuations (error 


— 


listed. . Source 2, viz., ‘Within’ Group Variability’ is an-estimate O° 8 
amount of variation’ produced in: the observations entirely due to UNE 
controlled factors in the experiment... The Source 1, 'viz.,. Between... 0: 
: ts;. one due to the.genuine 
differences among the varieties and another due to random effects (even 
though it is mentioned as between group variability) so that the observed 0s 
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TABLE 3.3000 
ANOVA table for data of Table 3.1 - 





- Sums | Degrees + 


. Sources of Variability © of of Sumof 
eo : Squares = freedom Squares... 








Varietal Difference (Between ay ce eo 
Group Variability) FOO fet Qe BO 


Error (Within Group Variability) . 50°. os ‘ero 4°17 ie “ifite © 





7 ~ 3 ‘Total Variability an 210 nes ld pk re oe 








_ In Table 3.3, under column 1, two: sources. of. variabilities ate ©. 7 


Group Variability has infact, two. components ;..one 


variability of 160 wu: 1 d. ‘by, 


+ 3.1.5. Tests of significance The two mean” § 


ferences among varietal means, - Although it is beyond,the scope of. 
this book to go into the details of the tests for testing ‘the ‘significance 2. ="). 
of. the differences among means, it would suffice for..our ‘purpose tom 9°05: 


mention that, ‘unde 


the satie random. effects, . As pointed- out earlier, the within-group “= ~~ 
- variability-is entirely due'to random effects only,‘whereas the Variability: . 
- between group contains variability due to differences in varietal means © 
-plus variability produced by random effects... Under the hypothesis of °° | 
‘no difference. between. the varietal means, this variability can alsobe. 
conceived as another but independent estimate of. the random ‘effects’. 
‘only. Under this circumstance the ratio. of the two mean squares,Viz....° 005. 
'~ MSS due to varietal source, MSS due to errorsource, should-be.equal’ 
‘to or any way-close to 1. Whether this is so or' not ‘is. tested: by F-test. 


_: "Retest is a device to test whether’ or not the: two mean squares 


are equal. Inthe present :example,.'even if. “‘the’ ‘varietal differ- 
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an estimate of 


160 under column 3 is produced by. both these sources. 9 


gp each -The two mean squares specified. | 
in col 4 are crucial ones for’ testing the significance. of. the dif 


r the hypothesis of no differences ‘between the ‘varietal « -°. « 
‘means, the ‘two- mean squares will be two. independent “estimates Ob, 
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- éd 
mean square). This will be due to sampling effect. . However, bangd aa 
on the probability theory, it is possible to. predict , the. la fluctuations. Bae 
F-ratio can reach ‘as a result of mere chance of ran sal value: of F °. 2a 
For instance from Table F, (Appendix C), the theoretica is found to | Je aame 
for 2 and 12 degrees of freedom at 1% level of significance me degrees’. a 
be 6-93 . Since the observed value of F = 19-18 (for. the “the bh othesis © Gare 
of freedom) exceeds the table value, we have to reject the the value . aS 
of no. difference among the varietal means; for, if it were so, a based” ey 
of F (would be unlikely to exceed) the theoretical Mica 5 ee oer 
on the hypothesis of no~-difference.: Hence, we may rr ‘si ifeant es 
present example that the varietal means are statistica y gn | 


beyond . 1 7a: level. 
cae o. 8 - 6. ‘Computational Procedure. —One need: not ot compute fhe total ; 
_ Variability and its break-up into different components ey vantage ms 
- method—the method of deviations. It was meant for the a fcourse.  . ae 
_. > underlying it in certain conceptual ‘development. ‘There een with 
|“ a mechanical . method, especially. very well suited for working _The ee 
machines, to compute ‘the sums of —— for. different sources. ne 
‘Steps ares © ee eee ee Coe 
‘ Step 1  Bompate’é thé’ total’ for each wantety. ae the ‘pad i 
Thus if T,, T, and T3 are the totals for ti the threes varieties. and TF the gran 


: chart _ we have, Ge: 
Tr, =25, Ty 45, Tr, = 65, T=135, 





“Step 2.—Next. compute what i is called the Correct on F actor om 
ae to mean — by,. yn gees | Meee ae ea 


Ho | CF = = Ros 1215 
7 wi where N= total, umber of observations. ba Mette sites > F 
} 2 ag - A "Step 3. Find. the Total: Sum of aa 5 (S80,).. This i is, the’s sum . oe 
= of squares of all. the values in, . the: ‘table less. the correction” factor. CF 
a tee oe 88Q.= OF + (5)? Fo. (12) + + doy — Be eo tae 
a noes ¥ ae gettihe = 1425 —. 1215 = — 210. edie ame Begiasntig hey Be 
|’ ate, | Ses 4 EsCompute Sum of ‘Squares’: ‘das? to Vatielad differences’ | 
po (SSQ,) (for ‘gener scat we. ters a speek: of. this as Between ’ Group" 
Ge. Me J ver: RT eee ne ee eee 
ee ee 
a pie eY n= = = number of aaa in each variety 
, es = + OS + ON se 


isis = 160, oy, ath te 
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ANALYSIS OF VARIANCE ares 
ee (SSQ,) by oe 


Step 5: <:Sinait determine the Error Sum of S 
subtraction: ae 
: om 6.—Set up ANOVA Table 3:4. a tae 





TABLE 3:4 . | yt gee s 
ANOVA for data of Table 3:1 — YM oaepied * hu Snel 
Source of Variation df . SS ee Se 
Between Groups 3° oe ae ar : ag be 
‘Warictics) 2 1600 BO 19-184 ae 
Beto a ? a a 19 ire 50 a 417, eee eee a ce, 








Total er ae er e 14°. Be 210 


« 
a 





- ¢ 


The results obtained this way are the same, as ‘on “page 9. 


Conclusion Sines” die abheried Fevalue 19: 184. ‘for. 2 and” 12 oa oe 
‘exceeds the table. value 6-93 for F at 1% level of significance,”.we - ~ 


may. conclude that. the varietal differences are >_ Statistically significant : eee 


at 1% level of significance. . Deke) cere eee nes aa Wie eh a 
3.1.7. Sonne important dasienptlans cade in the Analysis of Karianée.- — 
In the::above -method :of partitioning -the total - ‘variability: into™ its. ie 


different components, it-is observed that each’ total. deviation. (yi; yy 


‘is expressed as the sum of two: deviations (7; — J). and (Yj; — Y,) based”. ee 


on the’ assumption . of .a -linear..model: It is, important : to Temember: ae 
that, this is ‘not a law ‘of nature. but it-is. merely a convenient ‘way: of. 3 


. expressing different effects in terms of additive. components. * Itis.a * -. 
_ very satisfying feature to’ note that. this. assumption: ‘seems‘to work . 


very wellin practice as evidenced by empirical demonstration: Besides © 


e this, the four important assumations: made i in analysis of 5 variance, are: 7 


a a). The experimental - errors .are.. ‘uncorrelated, This 4 is ‘generally ate 
ensured by the. process of randomization. ets G02 sty oe, Re 


© Various components ‘of variations ‘are “additive, 


-(c) Though the varietal means might differ significantly, the experi- . - 


= mental errors must have a common variance. ‘This a enables 
one to obtain a Pooled estimate: of the. error variance. Oabane 


@ Sample observations are all drawn independently | ee : 


_. populations having normal distributions. This assumption j is nece : 
| Ss _ 
to perform various tests of significance. ; | vy Ha 


v : “4 
by ’ . “ : F ' 
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_. At may be-sufficient to menition that, in_general,- these CE abt Sond 
_ afe satisfied in practice. If the assumption of ee see kuch a. 3 
‘on any occasion, special methods need to. be. applied Bee 
‘situation by suitable. transformations of observations.” 
3.1.8. Analysis of Variance when the number of observations edn abet ah | 
different groups. —The reader will notice that the number of sia atic oes 
obtained for each-variety given in Table 3.) 1s same (five 0. ion 31.6 : 
for each variety), The.computational. procedure given 1D sec nae = 2 ae 
is suitable for the’case where thé number of observations 18 same pss cae am 
group. However, théré may be occasions when ‘this may not be ecm if 
For instance, the experimenter may‘ have certain reasons for se! ain S| a 
‘ ferent number of observations for different treatments or ree 0 sposliek i soe 
tions may: be ‘lost during the course. of the experiment ending. Me aaa 
differerit numbers.’ ‘In-such situations the. reader should take action : | 
-of this while computing various sums of squares. In Step 4 ot., rr eties | 
361.6 for instance, while computing sum of squares between varie = - 
the appropriate values for different values for “7. should ee : 
Corresponding changes will take place in degrees of freedom. also.” 
3 3.2. Two-way Analysis of Variance with a single observation per 
_ ¢ell.—In the -situation that we’ considered earlier, every observatice.- 
- made-was subjected to only one ‘known’ source, viz., varietal differenon 
> We. may: designate this type as one-way classification thereby meaning 
there is only one experimental condition (varietal difference) affecting 
| each’ observation’ made. But a more common situation’ would be | 
.. that observations made would be subjected to more than one:such‘con- 
. < dition:.. For instance, in a yield trial, besides varietal differences, ‘the. 
- trials may be conducted in different seasons.: In. this situation,..each 
plot yield is subjected simultaneously to two experimental conditions, © 
_'.  -yiz.,-varietal. differences and seasonal differences. Table  3.5,. for 
~ instance, ‘gives the yield in kg. per plot for four varieties of wheat say 
Vi, Ve,.V3 and V, grown in three different seasons, say S,,-S,.and S,. — 


Yr 


-” Since’ there are two factors, viz., Variety'‘and Season; each observa- 
-- ~ tion (ie.;-the yield per plot) is now subjected to the influence of three 
‘sources, viz,, varietal effects, seasonal effects-and effects due to unknown: 
factors. In stich a situation, the analysis of variance technique helps 
to ‘partition the total variability into each one of . these ‘components, | 
Fora two-way data we have to apply one-way analysis of variance twice. 
once for variety and again for seasons. Since we are already familiar 
with the techniques. of computation, we reproduce ‘here the steps for 
computing various.sums of squares. For the sake of génerality, we 





Me _ Step : 1; -Compute.—The column (variety) totals, . 
Be G24, Gs C= 36, C= 27. 


~ 





* _<® Various types of teanafiiinatioe Pee aed Coe 
: a i $ to achieve. a ee 
discussed in the book by Federer.® . — ue of the distributions: are 


— 


ANALYSIS OF: VARIANCE © &, fuss 


TABLE 3.5 







For Seasons. 
— 


Varieties 
» Mean ‘Effect . 


V; Va V3 Vi, 7 Total. 


Seasons r : 
5 2 Ow 7, Oo 


Si 
SOL 4 AB DS 
Byes es 6-6 1d Bi BeOS eh ee 

Seer ree cs oo 

For Variety 2 Wee aie oes Fy oe 

Total 24 86 27 108 9. 
Mean > Tg a2. 9. (Grand | (Grand. 
“Effect SL a2 43 0 0 Toth) Mean) ; 





The Row: (Seasons) total wie yet te eas 
R= 28, R= 4, R= 5 Se CL Bae 





ae T= Sean Oe 


“Check sh an Bee oe aa fe age, Meine ie 
te Ry + Ry + R= = _ 108. “te iioa po satiny 


“Step 2. —Correction Factor. _ ae = : : a Seen 
"Step 3,—Total Sum of Squares i hah ae ie ae , 
QAO HOEK AAEM —C | 


x . = 1092 — 972 = 120, 
- Step 4, —Sum of” squares between . TOws (seasons) (SSQ.) 


Pe. 
$8 = aes = Ae ~ CF c= ‘number of Seema 


i. 1 eu 


282 432 ~ 322 | | ee 
= 2,8 4 Oe ar 4" - OF = = 4028 - _ m= = 56; - Be 


4 





— —— er 
a . 


a — -:: ——— 
Sf, 
am 4 Seen wees eee ee 


for different components, we can set up the Analysis of Variance table 
as shown in Table 36.0 S agaet.& OP 


Rows, (1) SEQ SSQMP—-I = Va 
— Eror (1-1) SQ, SQ [(C—1) (—=Ve 


g SEA HOP wee fee BT G7 
a eS ee to ad yes 
. i 


7. Source — df SS (MSS _ F-Ratio | 


102 DESIGN. AND ANALYSIS OF FIELD EXPERIMENTS i 
Step 5.—Suin of Squares Between Columns (Variety) (SSQ.) | 


SSQ, = Sy - 2 + =) + Ce — CF [r being the number of rows]. 


. < ee ee | 3 
Step 6,—Error Sum of Squares (SSQ,). 
~~ — $SQ, = SSQ;— SSQ, — SSQ, 


S106 5-42=2 


Having: computéd the necessary.sums of squares, 1.2,, -variabilities . 


4 2 36 2 op 1014-972 = 42. 


ANOVA Table 36 (Schematic) 


e 7 «° 
‘ 
‘ 





Source’ * | df: SS. >. MSS- 











oem eS SS 





TOTAL — ‘ (re—1) me ‘SSQ, | 











(¢= Number of columns; ,=Number of row. ee Se OE 


ANOVA Table 3.6 for data of Table35 = +t 


Yo? Faas ' 
SE 








Season ED 56 8.00 gg 
| a “ 7 6 | ae <e ce am ! ce 


- ee LL GS SE ees, 
3 . LS eS ES 


Torr 8 HM 120 





_< In the above table, the total variability is iticened ito. east 
ee hee a os ae partitioned into variou 
components, viz., Between Varieties,,. Between-Seasons and Error c sag 


ponent, As‘explained earlier in the case of one-way analysis of variance 


a a 403. 
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the Row:-variability (between seasons) is the sum of two CE ect: : 
-—one due to.the differences in' the seasons plus the random e , 
Similarly, the Column Variability |((Between-Variety) is the sum Zz Me 
components, viz., differences in varieties plus the random effec eed 


’, Thus, if we make the Null-hypotheses, viz., there is no as | 
between the varietal means (i.e., no varietal influence on yield) and aise — 
there is no difference between the seasonal means (i.e., 10 een | 
influence on yields) then each of the mean squares. contains:.mere x : 
the random effect component so that each is an independent yepeneenn 
of the same component.: Under these: circumstances, we should expect 
the ratios of each against the Error Variance (i.e., due to, pure.randont 
effects) to be approximately equal to 1. In other words, Vo1[Ve and: 
V/V Should each be equal to 1, if the above hypotheses of no differsnee. 
were true. For the reason explained earlier in one-way: of Analysis Of | 
Variance, the ratios will not be exactly: equal to one,- but close to sible ' 
This can be tested for their significance -by referring” to ‘F-Table 


3.2.1. Tests’ of’ significance’ i. 
(1) For’ Variety 28 8 eons 


seed Me SOE ee ie ee ay 
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, as Table value of F, at 5% level, for 3 and 6 df is 4.76, Since: the 
_ observed value of F is, /ess than the table value of F, we accept that the 
evidence is. not’ strong enough to establish the varietal differences. 


_—— 


si iat 








_. (2) For Seasons 
ae ; V, 28-00 ae : 


Table F for 2: and 6 df is 5.14-at 5% level. Since the observed: | 
F value of 7.3 exceeds, the table value of F (5:14), the evidence is strong 
enough: to reject the Null-Hypothesis and ‘accept the Seasons’ effects .. 
on *yield§.-° =! yee? yt a ae 
3.2.2. Linear model*—As in the case of one-way Analysis ‘of < - 
Variance, a linear model is assumed to hold good in this case also. — 


The model itself is; era — 


a a eS -* Ds wb 4 Ld “s 
: “ = = ry > - ~ +) | 
» <2 = eee Cs ails X . 
: eerie a ° ‘ 
‘ he . ‘ . ce - raat ts ra > 
. . ~ hl 
: * 
Sr yh ost ores 
. : a 


(Any observation): 


te 
pepe rst 2 et ig a ae S 
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ot 1 a Vai eae a ss 
= RS RE ST ne Syl Sa pes iat te tet Pe ree | we * oes ‘ 
aySeay, Sates signees OE Sy pee ee ee PUY REE Ce oe ‘ wth ae hae a, 
ee art) : i : ‘ . * . Ae at tive ‘ 5° 3 
) =, 5. Abele 8 


. 


_ (General 7 ‘Variety | Geng) pried ‘ x 
| ( mean )+( effect )+ _ effect. , T \ effect J (3.3) | 


nie eed 


* Though the population model involves parameters, the discussion of the 
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tee of three 

ne The. aber: model’ im slies. that’ ‘an Gbserved. ‘vatue: isa vesialt O 

_..” effects. which are 1 implies viz., the effect: of a particular variety, es 
Of a specific season and error effect. due’ ‘to::man y unknown ‘are. not» 
Since the true effects of different varieties -and diferent seasony. ions.” * 

_ known, these effects are. estimated from thé experimental:o "bere ‘unit. | 
For. ‘instance, «the +éffect: of - Variety Vyais: estimated | ete “compared +o Bey 
per. plot: ¢é.¢:;-V; bears ‘atendency: to yield one‘kg./per P oe es units per a7) ass 

_ to,the general level of 9:kg: per plot), while that of Vs to be 52 lot'more | ee 
- plot :@e.,:Va-bears.a: general ‘tendency: to: “yield a3 kg. Per the. effect” 
‘Compared. to. the: general: level);.>:Similarly,: an = paceper ee ‘that of Seas!) 
of Season:2 is:to’ increase the general: Ievel by:-£3 units fl = ar reported ae 

_ son: 3 is:to decrease i it by ed 1 ‘unit: Per Pit Whese:e e ee se 
in. a Table 3. Be pga he EE - ie Se RE eee ie 


, . i 
. . att =e . act : . e 

ies . pte har ° a > $ o. “born FO 4 : . i ‘ 

"ts ot, Eda ee a eS se ere ome th . og «3 8 . 
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38ers Bee ree Fy 02S iy lon 999s ce BL iap td (0 me Fit Speen gee ; 
en . : . a eS” a ae oo Vee are ete, ye eee “7 olen 2 3 3 
Dee Wag 4 — 7 “tS 21 87? 


~~ 


At now.: remains. 5 fora us: ‘60. ‘estimate the: ‘effects. aie: to ; extraneous. 
Yilus in each, plot. . For this, we may first recast the obigervaticns 
Table 3..5 by making adjustments for one of the factors, anes, the 
-. by removing seasonal effects on each. observation. For 10s tively” 

observations 8, 4,11, 5 for the four varieties would have been rele y 
10, 6, 13 and 7 if so did not have the effect of reducing ae 4 3 oe || 
Base 2 tional yield by 2 kg. per plot. Similarly, the four observations el ees | 

-°* and 14 for the four varieties under season 2, would have been respec > eee: 
7, 8,10 and.11 if season 2 did not bear the general tendency to imcrease me 





~~ the plot yields by+3 units. Thus making adjustments for the —— cos on 
3 effects on all the observations, Table 3.5 may be recast into Table : | os 
atti vet a: S - “PABEB 3.7T= SO SO - eke | 


Recast data of Table 3.7 after making adjustments for Seasonal | effects 
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nce Varieties Seasons . 
: s, Vy Va Va Va) Total «Mean = Effect, 
: Seasons - 2: oe 8 et 
5 Ss. 10 2:6 - 135.27, © > 36 9 0. 
i S, 7 8 10 Il 3° 9° O 
bE S. 7 7 13 9 3% 9 0 
i a Total 24°21 36 27. ~~ 108 9 
‘ | : Mean 8. 7 12 9 Grand Grand ~~~ 
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In this table, the reader - would. recognize. “that, by the removal. et: ae 
Seasons would all be identical’ © 


| "Seasonal effects, the marginal means for te 
as it should be. Further, the means and the effects of the ‘Varieties san aR 
‘remain the same asin-Table 3.5. The observations in’ this Table: 3- Y ae 
are now the results, of only two sources of'variations, ‘viz., Varietal source, 
and Ertor source, ..i.€., éxtraneous influences: In other words, © Tat He. ara 
3.7 results in-one-way analysis: of variarice. table, from. which it ismow 2). sf 
‘possible to estimate the error components in each plot by taking the ° one 
deviation of each observation ‘from its own’ varietal mean, as we did* oe oe 
in-One Way Analysis of Variance,- For instance, the effect of extraneous - | 
factors. in the first plot under variety Vy is. (10 —8) or + 2kg,. while Sy 
in the first plot under “variety. V2, it is (6—7).or-—1 kg, , This bce we. ete A 
may determine the effects ‘of extraneous factors in each plot. ae a: we | 
“After. having determiixied. he. estimates ‘of various ‘effects, Var sietal;: Ce 
Seasonal and Error—any observation may. be expressed as. 2° ‘sum: of 
three components , shown in: Satation GC. 3 ayaa mee at ee Gee eS 
equation, may « be: Tepresented BB ee hah ee _ ae : 
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where 27308 i eRe aa ete 
| Ww = - the value ‘(of yield) i in 1 the th column (Waris) and the 3 4 chee oa ca 


“. N\ 


Hes TOW. fGen) ree ee ea aa ie | ee ae 


| om = 
ae c; = - the effect of the it th column Va arity); ¢ é. om = ¢ és = poe 
- 2 ge 2}: Ge 3, = = =0.. regs ee REE a 


PORE 5 = the oft of the ah row. | Gexson, eB i pak cadergegty 


: —= = the: error. 2 Supima in (the plot) ith column and Hh 
? TOW, Bes a fy rae) ete. a one 


- every. “observation in ‘Table 3, 5 may be ‘caiuensedl “i in: 
‘terms of these. effects. For instance, the yield of -8 -kg.. pet plot eee. 
| _under variety are sown in. Season Sp may be expressed. ase ol! oe 


3s = 9 + 1) +(- —2) + @). ‘(axiety Me: in 2 season 1). d. 


“th this way, 


“Iu =J Fhe tract ex eee 


* Similarly 
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. earlier pages to arrive. at Py and . “ho 
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way classification | hold good in two-way last 
- valid inferences... me babe TD Br Ga Meee ass eg Sa Tieteae 

) tion ee ae 
3.93: Two-w a nah sis. 0 Variance with more. Sian éne 2 observa Je 
way ys of Ve d Two-Way: (single. ° 
‘more. general. Case: 


| observation analyses: of variance, let us pass 0 iat mk 
) ks P “will: ‘be. more. than. one Gene 


by four effects, viz., “ow-factor - effect, column-facto’ 


__6f the above four,;components. 
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ies: wher all the ‘observations’ are xpreunts in. terms. Of. 
“tS. si ‘ot 
_ butions for each of the three “sources of variations, mehe ‘effets, nen Yeas 


of squares 


Squarés (i.e., total *-varia ility) 1 
3 ¢ ” ANOVA ‘Table ‘give, 


my lied as. 


the assumption of a linear ‘model 
the basis of such a procedure. cae ek 
sumptions. parere 


- Assumption: As ain. all’ the as 
pti . ification ¢ also, | for 


Way: and 


per. cell.—Having considered the case: of | One- 
n to:a. 


of: two-way. analysis: of: variance, where there’. 
a ¢ sbservation: ‘is. influenced: 


observation per. cell. In this instance, each::.0 
r effect,’ 


factors effect and. besides these three, there is a fourt 
joint influence. of the -row = cand: the column ‘factors. 
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: ‘extraneous * ke 
th. ‘effect dueto the». 
‘This new. effect Foals: 
_is called interaction. effect. . If, for instance,. ina fertiliser “trial on the ne 
_. yield of wheat, nitrogen at. three levels, say. - 60 and 90.Ib. per acre’. co 
- and phosphate at two. Jevels,:30 and 60 lb. ‘per. ‘acre are employed, then 
the yield in any plot is subjected to. the effect o 


nitrogen, particular ‘level of . ‘phosphate. and in addition a 
cd ie. particolat as 


two, the interaction effect, that is, the ia influence ed 


2 levels of these two. fertilisers. de Rn of a eae 
n. por a situation Neate. io oe 


The analysis of variance “technique i 
-paitiian ‘the ‘total. variability observed in the observation -into ‘each 


| TABLE 3. 8 
‘Wheat tel in ‘kg. per plo 





_NLevels~ - | ik Phosphate 


~~ 


| 


. =e ‘ 60 Ib. 90 Ib. Total Mean Effect 





~ 30 Ib. . 628 10 140 ay ie ae ee 


= <2 GEE Ee EEE 





lb. 9 13° 14 18 28 32 «114 «19 43 
Total 36° ~~ 56—St(“ tC S:*~=<ié‘OD:S:C‘i 
"Nitrogen: Mean 9 }° 14° : 25 ve | ™ 
Effect —7 © .-2  ° +9 


For the sake of concreteness, ‘consider | 


_ «the data in the following Table. 3.8 which gives ‘the yield of wheat - 
~. “for each. combination ¢ of the above fertilizer levels, each being tried in 


| _two plow": 
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| 2 ANALYSIS, OF VARIANCE” Lae ae es ie ek | 
The variabilities. due to nitrogen levels and siiiciaie ‘Jevels. can, Seggid * = tes 


_ of ‘course; be determinéd in the usual way for the two-way ‘analysis. 2 ae 
variance. “Now we shall define. the new-concept—interaction yd e Bey oF 
—and also suggest the methog for Patead saan te the Wasa pIANy ue eee 
this new effect. = | | “. ie bs 

3, 2.4. Interaction offect*. “The | mean diss for the, throes oe Z es 44 
of nitrogen (30, 60, 90 Ib...pre acre) are respectively 9, 14 fate. eS oie 
25 kg. :per plot, ‘while ‘the mean yields for the two. levels of phosp me me es a 
(30, 60 Ib. per acre). are respectively 13 and.'19 kg. per plot as. against a * ete 
_ general mean of 16 kg. per.plot. Thus the effect of three levels of nteoge a8 ve oh 
may be expressed as —7, —2 and +9 kg.” per plot, ‘while . the. ‘etic ae 2 ORES ; 
of the two: levels of pifsphate similarly being — 3 and -+3 om io 
plot, respectively. ‘These’ are shown in Table‘ 3.8 and.also in Tab ‘di t 
which ‘gives the mean -yield.. per. plot for each combination: of: di efen eS 
levies: of trogen ang L Phosphate. ‘as : A eet et toa tec, dan ene ones : 
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30 1b.) 601b./ 90 Le Mean »P. “effect ee 
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“30 Ib. lace Le 7 7 12% sa = 7 “13 +e 2 oar Be er ie 


Phosphate: Rh ee ee ee ae ce 


————> 
. a. 


60 Ib. lacie 1 














Mean 


N. effect Sp eed eG RE 2 eee a 
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“Now. any “plot ‘receivitia” 30 lb.. of nftrogen: ‘per. acre end 30 tb. | 
‘phidephate ‘pervacre, should. affect the grand mean yield of 16. kg. per 7 
plot by 10-kg. (—7 of N and —3 of P). In other words, as a direct effect. 
of these two levels, the expected yield for that plot is 16 —"10 = 6 kg.” 
As against this, the observed mean yield of such a plot is 7kg. Thus, 
the net increment. of 1 kg. is the result of a new effect due to the joint 
influence of these two.levels. This effect is called the interaction effect 
of the two levels, viz., 301b. each of nitrogen and phosphate. Table - 

- 3.10 below shows the: interaction effects for each combination of | 


- different levels of nitrogen and Phosphate. 5 oe e' me 





-® Also see Section 8.1, 
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ne 


TABLE 3.10 


“Interaction effect for combination of several levels of nitrogen and, 
cash ee! ‘phosphate fertilisers. , | 
| - Nitrogen 
30 lb. acre 60 lb. acre 90 Ib. jacre 





“7. 0 lb./acre 
Phosphate: (os coy 
| | 60 Ib.facre nel ey el 








Variability due to ‘interaction affect > Remembering a a 
combination of these fertiliser- levels is tried in two ted as : follo WS: 
action Sum of Squares (ie., variability) ¢ can be computed as . 


Interaction Sum of. ‘Squares ee ce oe, ay sf ee 
= 2 x (+1) +2(+1) +2(- 28 + 2c + (1 ; 
ae 4 (42 = = 24. . | 


Thus the Total Sum. of Square due to Tateraction effect is 24: _ “8 


3. 2. 5. Toke | abel ae ty “of Table 3s 8. There i is, 


however, a direct short-cut computational method available for deter- 


mining the Interaction Sum of ee ss tan iad analysis: of: data - 
is as follows :. Pete ee ee ee ee eer ee 


* Step By —Compiite: The Column. Totals 
C= 36, C= 56, Ga 100. 


The Row. Totals - 
R= = : 78, R= = M4. 


ge . 


The Grand Total ape ede ip 
a - Ry Ry= 784114 = 192. : E ; 
“Step 2. Correction Factor: | 

aa 72 "192? 

ae oF | aid -_T 12 = = 3072 | 


Step 3. —Total sum of Squar ($8Q) 
. SSQ,= 684.894 4 287 432=CF | 
| 9716 — 307 = 704, Bee tes 
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Step 4.—Sum of Squares Between Columns (Nitrogen evels , $80.) Pe a 


ct 
| sso, = +o Boe 


, tions in. each col. : anc 


36° 56° - | q=Numbet of. beer - 


— 3072 ) tions in each cell). 
>= 3608 — 3072 = 136 , 7 ii 


‘Step 5.—Sum of eee Between Rows (Phosphate — co ne ' 


‘ 


SSQ, + + = — CF (c= = number of columns), 


783 1142 


<e 6 +e 3072 = 3180 — 3072 = 108. 


‘ Rocce Meee Ss 
4 «*" o Key 


Step 6. sum. of. Squares among. Cell Total 1 (SQ) Me 
et aay ne at Bt A ee 


-— 


_ 


$90" 
| a x. 3740 — 3072 = = 668. age : 
Step T. —Interaction sum of Squares - ($8Qre) oa ; be % a ee 


= : SQ, : —  SSQ, — SSQ, = 668 — 536 — 108 = 24. 
(Note. —This figure 24 agrees with, the value obtained previoisiy) 


ous ace oo? are -—o—_--~o—r 
—< = - — 


‘Step 8. Error: ‘Sum of Squares ‘(SSQ;). 
SSQ, = SSQ,; — SSQ, — SSQ,. — SSQuxe. tt 
= 704 — 336 — 108 — 24 = 36, 


a Check: i Pag 
Pe  $8Q, = SSQ,. — S8Q, = 704 - oo - 668 = 36. 


_ Table 3. re gives the Analysis of Variance table. _ e sae : ; 7 


— 8 2. 6. Tests sof significance. —The test of significance | is performed * 
as follows: =" se | .é ; 


@ For Phosphate Levels: 


108 

a 6 = 18- 00. 
This observed value: ‘a r= = 18- 00: éxtends the table - ‘eas of 
F = 13-74, for 1 and 6 df at 1%. level of significance, ‘Hence, the 


mean yields for ——— levels are oe significant beyond Y y- 


level. 





de = : Number of observa. . ot, 








Interaction (RX) (r= 1) (¢—1) SSQuxe F=NE-D, 


~ , ‘ ; 
» roy . ° : Be Ree. - : . ° . . 
° A ‘ . . 
. ai? ° “-* ° 
” > - ot > ° . 
SS ca” as Ree —————— Se — eS. ae 
: - ba ’ r 4 e 
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- Between Phosphate 
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“TABLE 3: 1 
“ANOVA for. data of Table 3.8 - 


Schematic* od rr’ 
ao tet si —$————————— 


of tC a BS MSS. 
Variation | . ; : 








Between Rows: lr —I) —SSQ 8 i Fe =D. . 
Between Columns. (c—1) . SSQ. i. = 1) ie 


Error ee re(n—1) nas ‘SSQ. — re (n — Ve 





Total ren—1 ~~ $SQ, — ie 


~. Numerical. Se 


Source . df... ©: °. 88S. MSS ~~ —.sé&F-ratio 


‘levels 2s ‘eA 9408 «108 48-00 | 


Between Nitrogen 
levels. — 


536268 «44-67 


7 


Interaction NXP : 1 a 24 7 12 | 35 | 2-00 





Note—,= Number of rows; ,= Number of . columns; | x = Numbe 


Total 89H. 704 


of observations in each of the Re ’ cells, . 
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ANALYSIS OF VARIANCE se ia 


This value of F= 44. ‘7 exceeds the: table value’ “of F= E. 


fol or 2 and 6 df ‘at -1% level. of si ignificance. .Hence the me 
for nitrogen levels are ‘also statistically ere —. % eve 


(3). Interaction ‘N x P: 
a aye bs 
age : 


my 


for’ 2.and 6 df-at 5% level of significance.. Hence interaction effect a4 a 
of N- and Po on the yield is not statistically significant. ads 


se 2.7. poe aaa ~_As ini thé, case of previous “models, a linear 
model is assumed to be true in this situation also. In this model, the. 
underlying assumption is. that any observation is a result of four sears ae, 
of variations they being: variations in nitrogen levéls (Column ; e errs eit 
_the variations in phosphate levels (Row effect), ‘variations: due: to 4 
joint influence of nitrogen and phosphate levels ‘(Interaction effect), The ioe 
models es to: uncontrolled | extraneous factors —. effect); C. 
el. is: } a : 


“ay observation) 


General =) + (Ca Row ai): “Cia 
“aN mean effect 4 + (is) + | a effect 


| ‘Symbotical, Pau * . oe 
| a ee +R, +1, 4+ Cun | is ee ce 
6 G=1,2,3;7=12; K=149 | ote ce 
: cy Yate = The k-th observation (euch as vel) made in 1 the ith 
3 column and j-th row. kit 
Cy = Estimate of the effect of j-th br counts oan | ua 
| R = . Estimate of the effect of i-th TOW. a 
; L, _ = Estimate of - the effect of (ij)-th interaction, 


ein = Estimate of the effect of extraneous fac 
k-th a ‘de a= 1. 2) in (7)-th cell. ogi in the 


: , 
* Though the uci: model involves parameters; the discussion 
model is in terms of their sample estimates for convenience of heuristic discu of the 
; Ssions, 


/ 





The value of F =2- .00, falls ‘within the tablé oitiie of: F = 3. 14 one 
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_ sections we considered the meaning and purpose of ie aNssQ. into | 
ance, the mechanics of partitioning the total variability T oo 


~ gubsequent sections we. shall present some tests of. si 


. 
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It is this linear model which enables ps té ‘peak down the: total 


el, . 
vatiability observed into different components: Besides es ‘ue <a : 
‘ other assumptions mentioned: eatlier are assumed to ae: 
case also, | et ee wee 


a 


3.3. Basic hypothesis in analysis of variance. —In the 


such 
several components attributable to different sources of pce : 
as SSQ,, SSQ,) and testing for overall significance. 0 terme 
use of F-test. However we did. not introduce. certain 


ri- 
the reader’s:attention mainly on the centr tral theme of ey Oar 
ance—its meaning and mechanics. “In. this section “we = — <ath the . 
the. reader with the underlying — hypothesis | 2.6 ‘while in’ the 
overall F-tests considered in Sec. 3.1.9, cere ‘nificance for 
n or. 
hypothesis of special i interest front the view pot of an mn ee 
experiment. Se ae a ee * CE a a — pons 


in “terms | of” 
Destieniticetng the eon: are a scailated eas i 
population parameters. (and. not in ‘terms of sample: means),..the. various. 


‘Null-Hypotheses. and: their respective alternatives ae By F-tests in ae * 


ieee and. ‘Two-Way ANOVA, are. as follow, 


=" In-Otte-Way ANOVA (3.1.5), ay Piss Be are ‘the “population” 


vaverages (true values but unknown), * ne crag! hypothe we are. 
~ getually testing by -means of F-test* i ae 


Hi thesis Ho: 
Null ypo = differences) 


“geainsk “the e.  Aieeuative. “Hypothesis: 3" AL Teast: two: “of them 
are: different G é., not all of them are. Same). i Fe 


Tn T wi Wey ANOVA, without. intecagtion: (s ec. 3, 2. a ’ cue ‘re. 


two independent. hypothe ree associated with Varieties: and: ‘the | 
other with - Seasons. : fe ee ier 


“Thus, ca bas Pay Ha; Ms are “the iru ue average yields of the four vateletica” 


“of neat (Vi; No, V3; . Vi) in that’ example and 7,, 72,73 are the true - ae aa 
effects of the three Seasons, ot the respective ‘Nall-Hypothesis and 3 


their. alternatives . are: 


“For Varieties : wey ve ena eae ie | fat 
| Nulsfypoties Hy: at as = pa = lg = be (No. ‘varietal 
Se differences). | 


| Alternative Hypothesis H,: Not all ‘Varieties are "same. 


" * Althouh F test is a test for “testing! the ‘significance of the. “eqiiality ‘of . 





two variances. (iidependent) in ANOVA, the implied equivalent’ ype. 


- Sis. are 2 these. : OF course, this is not . obvious in our. sepeaons, in the. text. | 
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details: especially regarding the underlying . hypot ee 
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For Seasons: 
Null- Hypothesis Ho: m=] =T =. 
_ The Seasons have no effects (same as all Seasons are alike). 
Alternative Hypothesis H,: Not all seasonal effect are same. 


a y, in two-way ANOVA with interactions, the three hypotheses 


For Nitrogen factor:* (when [ateraction effect is zero). 


Null Hypothesis H,: 39 = eo’ = Hoo (The average yield is same 
for all levels of nitrogen, viz., 30, 60 and 90 1b. per acre). 


Alterrative Hypothesis H,: Not all are same. . | 
For Phosphate factor* (wheo Interaction effect is zero)... — 


Null-Hypothesis Hg: 73) = Te) (average yield is same for both 
the levels of phosphate, viz., 30 and 60 Ib. per acre). 


Alternative Hypothesis H,: The two are* different. oe | 
_ For Interaction effect: ‘(in presence of both nitrogen and phosphate) 
Null-Hypothesis Hy: 1,; = 0, i= 1, 2,7 =1, 2, 3 (see Sec. 3.2 7). 


the true interaction effect for every combination of N.and P - 
levels is zero. _ wi ° Baca tah’, og * : te yt 

Alternative Hypothesis H,: At least one of them is different from 

20. _ = | nen fe eS ee 


~ Jn each of the above cases, the reader should recognize that, ‘while 
the acceptance of Null-Hypothesis implies the possibility of no dif- 
ference, its rejection does not ‘imply that all the means are..different 
from one another. The F-test turns out to be significant, for instance, 
even when three of the four varieties,say, V2, Vs; V, are sanie, ‘while. 
anyone is different from the first one, wiz., V,; similarly, if any one inter- 
- action, component is non-zero, then also F-test turns out to be signi- - 
ficant. In other words, for. rejection..of Null-Hypothesis it is not 
required that all the averages should be mutually different; or the rejec- 
tion of Null-Hypothesis does not imply the same, either..- 


3.3.1. Comparison of all Possible Pairs of | Means 7 in. ANOVA 


| In the previous section we mentioned that, when F-test is non-signi- 
ficant, then the analysis ends up with’ the acceptance of Null-Hypothesis 
of no difference among the treatment means. But when F-test is found: 
to be significant, then the researcher would naturally be interested to 
know where exactly such significances lie: For this, he would consider 
. . , rs 7 





- r When interaction effect is non-zero, these are not the correct bh i | 

to formulate, as the effects now are a sort of average effects.of N over Peas 

of .P; and Vice Versa. rs ; ee mee vig: 
| 8 | a 
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“to find out which ones: differ significantly and which ones do not; 


“pasion Te *s 
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for inistance, comparison of all possible pais of means “of treatment : 


he. might like to test a specific hypothesis involving more than two. sreat- . 


ment means or all the treatment means simultaneously. In| this sec 


tion we shall provide the reader with two tests for comparing all possible 


pairs of means, while reserving the consideration ‘of more _— tyPES *y 


of. hypothesis to the next section. oe hot athe gS 
The two tests to: be considered in “this section rd ns eee 
(a) Least . Significance Difference based. on. ordinary. t-test - uae 
(6) Least Significance Difference based on. Tukey’ s test (Isd,) 


We shall demonstrate ie. application of these two. tests trough 
an example.. ; 


Example. —The material for shietdianiple pe 6. 6, ‘Table 6. ay Is. from 


an experiment conducted at Agricultural Research. Station, Soundatti,in | 
the year 1965-66, to test the effects ‘of Organic. and Inorganic.mavures — 


on the yield of Kharif Jowar. The design adopted was a randomized 
complete block design with feur. teplications. | Although ten treatments. 
were included in the study, we shall choose, for ‘purpose of illustraticn,. 


_ only 7 treatments: meperted: below wr aloue © with their mean cde in 1 KE: pier 


(Table 3. brn af | 
| TABLE 3. 12. eee: ey oe See 
“Treatments ‘and their yes in kg. (plot a = te a 
: Peres sr efage 


7 ee = 2, 500 ib. of Farm Yard Nines pera acre os eee : = ah 5. 
hh = = §, 000 Ib. of Farm Yard Manure per acte Na at ts 3 00 . 
te i - Equivalent ‘quantity of NPK as in. fa but N applied @ as... an ao 
rac Sulphate Ammonia 2 PSR, | | a “05, stave 
ts . 2 Same as: ta but N applied z as urea a 4 eo nek 3 o3:00 
ihe seat Equivalent quantity of NPK as in. ate but N. applied 2 as ters 
| Sulphate Ammonia . ne ee. 24 4:00 | | 
ty? = - Same as ty but N applied ai as ‘urea | HS a : ere ae 3 ‘15° 


<3 The esbaie! of ela of. the expetiment gave an _ Error | Neamt: 
Square. (MSE). of 0:21 kg.2/plot with associated degrees of freedom .27 . 
(on the. basis of 10 pneu The. number of replication of each. 


treatment is -r =4, 


(a) Least Significance Difference Based o on | ordinary +. t-Statisties (sd). 


to find out which ones are significantly <ifferent and which ones ‘are: 


> n r) 4 


The purpose - “of this. test is to compare. all possible” pairs ‘of . means - 
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d like. 
not. Though ‘this test has been in use for a long time, we e woul 


reasons | 
to caution the reader about the indiscriminate use o = oe: aree. ok 
to be given later, especially when the eee o po 


say, (X, — Xq), differs significantly at «@ level of Ae Ha ee 

(5 per cent for ——— if ‘the computed value of ¢ via-, a tae ds ort 
ye (ts Fac 
ae | ble Ea 

(s? is error variance with v af n,, no are sample. sizes). exceeds the table 


dix). The 
value f at a level of significance for v df (Table B, Appen ~ 
denominator, the reader would recognize, ‘is the familiar formula for. 


formula. -1.15).- In. particular,* when ‘the EE ‘of abet ra eons iS 


. ; \ 4 or, 
. eit mh . P - ' 
ny = Ne =r, a te Pe at. bet eo 
-* tas, - ¥ . . . : = ° ae 


then t } becomes: 
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7 “significance: difference for. compar ing all I pairs of means,. 
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= 2-052 for 27 df and is 


For our example r= 4, s? = 0-21 and tos 






‘. 
4 


plot -¥ 


— Isd, = 2-052 (Pa= = 0°67 kg./plot. ae a 3 ‘ 
Thus any pair of means which differs ‘by at least 0°67 kg./ on 
is statistically significant at 57% ‘level of significance. wae aS 
_ After computing the /sd,, arrange the treatment medns. in decrease. : a 
ing rank order as in Table 3.13. ( . :) 2 .. Haas 

Treatment means arranged in. decr easing order a | 
Treatment . oe tes. tpt Bg te os ote cam te 
Average yield kg./plot 4:00 3-75. 3-25 3-00 3-00. 
In Table 3.13 it may be noted that. treatments whose. ane 
in average yields is less than the Jsd, of 0:67 kg./plot are ae td | 
lines indicating’ that they do not d among themselves. 
For instance, treatments ¢, and ¢, differ only by 0-4 differ b 
and therefore a line is drawn below them;. while ¢, and by cern 
0-75 (more than :67) and are therefore not linked by a line. Further, 
since the mean values are arranged in decreasing order, once fg and te 
differ. significantly, then so ¢, and t,, t and #5, ¢tc., sce their. : 
) ; for instance, do not differ 


differences. increase. Similarly ¢, and 4, fe, do ni ) 
0) is less than (°67) (hence a con-. 


- significantly, for their difference (-5 | 
necting line), but. ¢, and #, do-differ (-75 more than -67) and therefore — 


t, and every other treatment following t; is not connected. 


"The above method is a convenient one to. indicate which pairs 


differ and which ones do not. From Table 3.13, ‘the . researcher 
would be in a position to group treatments, either'similar in their effects 

or. different, © 0°: | : Hee TES ok eee ake cue ee 
_. As pointed in the beginning, we .wish to emphasize. that this 

‘method should ‘not be used without. caution when the number of | 
treatments is: large. When the number of treatments is large, the 
number of pairs of treatments to be compared will also be large, ‘with 


7? ; . x ss e ° *F* 5 “ 
a : Rr oe 2 ‘ - . Ca¥ 

y “75 ae +2 ae i 3 ie, 
F 1" 7a . -% 


‘ffer signi cantly a: 
iter Sia by 0-25 (less than 67) 


the result that one or more paits of means may be adjudged~as signi-. 


ficantly different (when in fact they are not) purely on chance basis. 

For instance, if we have 10 treatments, there are 45. pairs (n(n — 1)/2 
in general for n-treatments) to be compared and one or more of the 
t-values out of 45 t-values may turn out to be significant on pure 
chance basis alone. If we are working at, say, 5 per cent level, each 


t-value computed has a5 per cent or less chance to be significant, 


even when the population means ‘under comparison are identical. 
gh each has a small pro- 


When ‘45 such t-values are computed, even thou 
_bability, the net probability (in the sense cumulated: chance) will not 
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~ | ’ - 7 fe o . : : es om | , e . i { 
remain 5 per cent or less; in fact, it may turn out to be considerablé © 
On the | other hand, , the test to. be’ discussed ‘next—Tukey 5": es - 
guarantees that,even when a large numberof pairs of means are — 
pared, this risk would still remain less than ‘5 per cent. fe 


- (b) Least ‘Significance Difference based on. Tukey's’ test (Isdx)-— 


“A dependable test’ for. making comparisons of all pairs of meape 

is provided by a test dévised by John Tukey. Though this tes: 0". <. 
used. in ‘more ‘general types of comparisons, involving more than TW... 
means, -it: 


will be“illustrated“for the casé ‘of pairs of means only... WS ee, 
_ shall however give another test due to Scheffe’s for ‘problems of genet 


Without going into the mathematical complexities of this test, 
it: may-be mentioned that, analogous to the Isd based on ordinary t-test, - 
the least significance difference. that should exist between any two means | 
tobe significant,:‘is given by*: 0 ea le VE 
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where | | a tf » “ies car 
Ie = least significance difference based on Tukey’s Test. 


T 


- 


/ number of replications for each treatment 
MSE = Error Mean Square in ANOVA with » df 


g(l—d, 4 Y= the tabulated value of “ Studentized Range ” + for a 
Sea level of significancc, tf number of treatments and 
v df associated with MSE (Table E, Appendix). —. 


‘Like t-values, g-values are tabulated for various degrees of freedom 
(on which the error mean square !s based) and the number of treatments 
+ for 95 and 99 per cent of (1 — a). From this table (Table E, 
Appendix); we find, for 1 —a=95 percent v = 27 df, t = 7 (number 
of treatments), MSE = 0-21, q(-95, 7, 27) = 4-50. ee . 


| 


(By interpolation for 24and 30 df) | 


——— ‘ | | 
* Note factor 2 is not there in the radical sign. However, if we want to express 
-in id of a multiple of S.E. of the difference, we may write: | ee des 


q ,/2MSE_ @ 


In a random sample of 1 observations drawn from a normal population with 
mean p and variance o*, Stundentized Range is defined as; | 
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lsd, = 4-50 4/2) = 1:01 kg./plot. 


e 
Thus for any pair of means to be significant .at 5 per sent level, 
least significant difference should be at least 1-01 kg./plot. the value of 
may note that this value of 1:01 kg./plot is larger than cpt ele 
0:67 kg./plot under Isd,, so that we may expect a arm : steps con- 
pairs to show up.as significant on this test. The otner t | 
cerning with comparison of means remain same as In pteers 
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TABLE 3.14 
Comparison of pairs of means on Tukey’s test 


| | | 
. Treatment ‘te ty ty. by: 4 to 1 


Average yield kg./plot -4°00 3-75 3-25 3:00 3:00 2°7) 2-25 


oe 


The reader should compare the results of these ~ _, = 
contrast with the previous test, many paws of ae “aa eects 
out to be non-significant on this test. This is because u z sae 
more conservative inthe sense it offers a single a level ~ - = : 
- comparisons, while in t, each pair compared has a risk of a lev ar 
* other words, in the case of Tukey’s test, the probability that any pa 

means being falsely judged as significant is 5 per cent. or less (« evel), 
even when the comparison involves all. possible number olf pairs. 
In the case .of t-test, even though the probability of judging falsely 
as significant, when Null-Hypothesis of no difference is true, is small 
(5 per cent or less say) for each pair individually, the effect (a sort of 
~ cumulative) of such small risks when a large number of pairs of means 
‘5 involved, may be quite considerable so that the composite risk would © 
no longer be just 5 Per cent or less. On the other-hand, Tukey’s test 


- guarantees that such a risk is still 5 per cent orless. Since the risk is 
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kept low and predetermined, we also notice that fewer pairs turn out 
to be significant on Tukey’s test. , ae 


~The reader should remember that Tukey’s test requires that the 
sample sizes for all samples under comparison should be same, otherwise 
the test cannot be applied. Inthe t-test, of course, the sample sizes 
could ‘be different but we may have to calculate the significance of the 
difference each time when the two sample sizes are different. 





33 2.—Comparisons Involving More Than Two Means 


When several treatments are involved in an experiment, research ae 
-worket’s interest does not confine merely in knowing .whether or not ‘ee 
‘treatment means differ significantly _ or his curiosity would not ie 
stop at the level of comparing only pairs of treatment means. Normally, 

a researcher would plan an experiment either with a few specific 
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hypotheses in mind even before the start of data collection or. he might 
develop some hypotheses of interest after some preliminary analysis 
of data. In all such hypotheses, generally more than two means are 
involved. Examples of a few hypotheses could be (with reference to 
example in previous section (Sec, 3.3.1), 


(a) Is every treatment significantly: different ‘from Control ? 


(b) How does the Control yield compare with the average yield ° 
of all other treatments ? : oe 


(c) Does it affect the average yield. if N is applied in the form of 
urea of ammonium sulphate ? | | 


(d) Which treatment is better — FYM or equivalent NPK with © 
N in urea form? —. , oe | 


~ (e) Which treatment is better — FYM or equivalent NPK with 
| -N in ammonium sulphate form? , 3 


(f) Is organic manure. or inorganic one better? 


- These are but only a few hypotheses, although an experimenter _ 
may ask many more in the same experiment. Further in other ¢x- 
periments involving several factors, each at several levels as. i0 factorial — 
experiments (Ch. 8), more complex queries or hypotheses may be 
formulated either even before the commencement of experiment of after 
preliminary analysis of data. The purpose of thi. section 1s to indicate 
some ways of reducing cuch hypotheses in testable statistical form and - 
the choice cf a proper test criterion for testing the same. The choice | 
of the test statistic depends upon whether such hypotheses are formu- 
lated before the experimental data is collected or after the inspection of 
data or even some preliminary analysis. Before presenting such methods, 
it is necessary to iatroduce some ‘preliminary ideas connected with.them. — 


a Contrasts : Orthogonal and Non-orthogonal  - 


Hypothesis should first be reduced into a testable statistical. form 
along with its proper alternative. Remembering that all hypotheses 
are formulated always in terms of population parameters, the above 

ones from ,a) to ( f) may be reduced to statistical form as under (here 
the population means are denoted by py, Mes Mas. Mas Mss Me and py 
with », as Control): te © aa re ee 


(a) Null-Hypothesis Ho: 4 = lo, By = ply, tC., OF Hy — He = 0, 
eo | Hy — Ps = 9, ete. | = 


Alternative Hyp Hy: by 7 bas Ha pg, CtC., OF fy — Pe FO, 
7 7 3 Hy — Hs FO, ete. . : 


| | 7 . eee ] ; PA 
() Nul-Hyp. Hy: = REET aon, 


OF. 6p — Py — By — Ha > Hg Ha Hy =0 


na = es E+ ee oi eg te eee 


-__-- 
te me eggs we Lie 
. 
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si | + fey 
Alt. Hy, Hi: saa mtontos teeth ten 


or 6p, — Ha. — ieee 


Mate Mets or pat he—Ps— P= 0 - 


(c) Null-Hyp. Hy: a weoaas 


Alt. Hyp. H,: 


(d) Null-Hyp. H, : bat =a | or Hat Ha—Ho—ba=0 | 
Alt. Hyp: Hi: ey 4S oth r or pat bss #0 | 

(@) Null-Hyp. Hy: bs : ate | e “phere 0 | 
Alt. 7 1s mabe aaa “g’ rene 


(7) Nally, .¥ nity af +h _ ta Hs + Fs tute ie 


Alt. Hyp. Hy: — ed a ta Hy pbeche Me ef Bs * - Hg eo ie By : | 


: “Or. ha i 2s as He * is — =P ie 0. 


In the féeniilation. of the ative’ hypotheses’ in statistical form foi os 4 
‘fiirther testing, the:re reader’s attention is drawn to the following aspects : SP bs 


(1) In each hypothesis appropriate treatment means are combined 
to obtain suitable comipogite average. ra each hypothesis, the division | 


does. this. job. 


(2) Bach ‘pypothesis - may imately be reduced to some. ie 7 
+ combinations of treatment means. | athe te toe aed 


(3) The sum ‘of the ‘coefficients of. ‘these & “means. in: ieee relation : 


form is zero. Example: in (6), 6—1—1—1—1—1~ 1 =0 and in( #), 


2. +2~1—1—1-1=0.. In’ general, .for any linear. combination of * 


treatment means, if the sum of the coefficients of these means 1S 
zero, then such a Jinear combination is called a contrast or. a comparison. 


Symbolically if C is a linear combination _ of Bay Bay 3, He of k taeans 


of the form, 


Cade, tintin?» o£ ee “ee ; As (GB. .6) ; , 


then Cc iS called a ‘contrast or a comparison if and only if 


4 hats. _ satay OF: : 


ares - are 7 or patho be—erAO. 
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That is 


a | | ' e* | mes : 3 are . Bb 
Of course, in any given situation some of the coefficients may DE 
zero, ) | , Sh eae 
Examples : for (b) i= 0, c= 6, Cs =% = Cs = Cg = Cy a: : me: 
so that . Sake es 
| Cy = Oty + 64a — Hp — Ma = Be — Pe — es | 
and for (a) C, = = Cg = 0, == 1 and c= 1 = Seeds 


an | 





a ; ' a= 0 Py i + M3 - 0- O-m as + 0- Me ee Mee | 
off | Contrasts: may ‘be grouped into two ‘distinct ‘groups: | Orthogonal ; 

ey oom and Non-Orthogonal: RR sor. Be a aah ae a 

al ‘ Two contrasts, say, c and D defined by rege en ; We 
E - | i‘ Cs = Cate ae Calta +. + Cie +. ra Coby Se a 8) : oe 
& | and DS = dip, aE dypy -, vt dis +. ? ot dy £6. 9), fia 


ee a which the sum of the c ‘coefficients. and sum of. the d coeficients: add’ a 

: to zero, are said to be orthogonal if and only: if the sum.of the. products. 
of corresponding ‘coefficients add to Zero. “That | is, , the « Conttasts Cc and . 
D are: S senaians if and. ‘only. at: ones JE aah es cee peek ie ae 


ie 
“2% 3 


c 


7 Otherwise C ‘and D: are said to. be -nonorthod 


“Consider, for instance, ‘the three contrasts  (, © and cr defined yt 


ae = - 614 — is = jy — = Hs “bg — = fy a S i ae ‘ : y f a oe me a 
Cy som dha thee t= Hs + He | : 
preceeee ec Ee 8 


Cy = Oy Tr Pe + ity + O'me Hs +0 He = = Bae 


Conte C, and 'C, are orthogonal because Oe et) EE a 
EXO HOI XO FE 1xO+(CIXD+ as oil 
APR DA Cl DECI KS DO aa 





fe * See various hypote listed under a in- 3. 3,2, | 


~ 





ee ee ee 


or not? The implied advantage when ~ contrast 
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C,.and C, are “orthogonal. ‘because hae: _ 
ae ee Tai Het xO+ soe: 
| Cig =p.4 12D FE DEES we 
- but not C; ‘and ‘C, because ee ee ai a 1 
| eraromprexnegs9 tts: 
+h x 9 (1p Rei me ue =e! | a . fe “or a ee 


and not ZeTO. ee me fae ge ee 
pte) Beater ys tg.’ 

The reader may. i git that among ‘the sii oO to 03 now Age 
example, the orthogonal contrasts.are: (0 b and ‘c), d o, 4 een Oe. - ae 
-(b and f), (c and e) (e and ‘f), but‘ the: contrasts. es an (ais 
(dand f ) and €. and t) are non-orthogonal. eo RAG ae | 
‘are - peered ee 


What. differencs ‘ded. it ake ‘whethet cena “hogonal: is that’: ° o 
they are: “uncorrelated: ‘and are. ‘therefore. amenable: for: further: fanaa a 
treatments ‘and. interpretations. : Further we shall see later :[(5)-1 Tc 
that. when_and only when. all the contrasts are joutually ‘orthogon: ‘th ; 
‘the breakdown’ of © ‘the ‘sums of squares and ‘df: associated wl 
such orthogonal coritrasts always add upto. the total sum .of: squares | 
for treatment and their total df.” This will not be true when ‘the con-. 


trasts are non-orthogonal. But it is not always a ‘must’ -that one™ bay: 
There may be occasions, 


should think in terms of orthogonal contrasts. 
in fact more’ oftén than ‘not,. when the hypotheses ‘to be developed. end ~ 
up with. non-orthogonal contrasts.. In such a. case, orthogonality. need 


ry 7, 





- not-be a rule, but. should be recommended as far as possible, because of — 


certain special advantages associated with ys: a few of which . 
we > shall see. Jater iisee. B and C in ‘this section). | Ua He 
B. Sums of Squares Associated with Contr asts: 


Before ‘taking up. ‘the problem of testing a specific liypothaais, we 
need to. know: one more basic idea, -viz., sum ‘of squares associated with : 


a contrast and the mode of ‘computation of the same. 


“Ag the population averages, that is p’s, are ‘unknown to us, we 
will have ‘to infer'about them and any linear combinations. involving 
them, by the use of sample means. The sample analogue of a contrast, | 


the reader: might anticipate, is obtained by substituting the sample esti- 


mates of the ‘population parameters in that contrast. For instance, 
the best estimate of. contrast ( f )s ViZ., i ee 


Gs = = pte + 2s — Hs — Be ~ hy 


1S given bY. the - sample estimate, Wiz., 


similarly for other contrasts, 


ee ORF Oe -  S ee pe 
wo ave 
CA ex 

—te be , 


| - Note the “following poinis : ee 


- of chance, ‘80. 18 their linear, combination, Mig Ge. 
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(1) A hat (A) is used on Ge to indicate that it is an estimate, of the nd 


unknown. population value, viZ., ye OE a tt ‘ 
(2) The population value C,, ‘itiich i is a : inbar combination, of sed 
. but unknown: y's, is a single number xed but unknown. | 


' ti Pe Ore e 


~@) Though C, i is an “unknown but. a ‘fixed number, its. sisi esti- 
| mate C, which is also a number for any. particular set ° of Sample means, 


is not a.fixed one, since it involves soupe.2 means 3 which aint Eee 
| from. one: ‘set. ‘of sample: V values. to: another, rae a era 


~; 
e Be Soe TS 


aed 
“~y 


“(a Further, since Xs. are “all faid ott vasiables, sublet to ecatl a | 


moO} i the case of any random variable, ‘say ys. as ‘we: e thie of its. 


- 


- 


-6 For any “two contrasts we can think of SE of their ‘difference. 


2 “ é. 8. s ‘SE G- C,), ete. The variance (which is “the. square: of SE)" 


r 


of difference between two C’s is equal to sum of. their variances ‘if and” 
8 only if the contrasts are independent. 


are | 
» 


2 of ae ¥: its. standard error. SE (%);. etc. “we “can: also: ‘think. of. a: = ; 
a. ‘SE, ‘ete., . for. the random | variable “of: linear combinations. To) 


| -. random. variables. That is, we can ‘think of 2 a: “mean for. Gr ‘SE. ECD 
ae ees : a TER ge G 


(7) Further we may also think of sum of squares, that. 1s varia-_ 


- iti explainable, by a contrast. 


| ‘The last point merits some attention. "Specifically we are interested: 
jn the method of finding ‘out sum of squares attributable to any con- 


“trast. For convenience of discussion, we shall assume that sample 


“sizes for all samples in an experiment are same, say r.- Since each mean 


value is obtained by dividing the total T by the: sample size r, we. may | 
also think. of a contrast in terms of treatment totals. 


for ol = cry + CoXo - . + CyXy, 
where, rg ee ee eee 
at G+... +o=9, 


| the. same may be expressed in terms of treatment totals Ti, Ts... T, 
so that © 7 


— 


C= IT, Pie tee 


where now | 


\ 


tht th=O. (3.12) 


For | Example, : 


By. 


\ 
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yiz., r, then each xX = T/ 


| r sO 
In fact, when all samples have same size, 


that, 
ea ee et = > a 
and | Me 
a 7 ‘ 
: +c) = “WG 
htht..th= = C4 teats. + %) a 


When sample sizes are different for different samples, poe engornie 
a little more involved. For the present, as mentioned oO owever for 
- proceed on the assumption of equality of samp le gn not think in 
- computation of sums of squares for contrasts, we — we base our 
terms of relationships between / and ¢ as above so long 
computation on totals only. | 
Why do we prefer. totals-instead of means 1n finding ong of spo 
for contrasts 2 We desire in terms of totals not because e pas ene vee 
retical advantage but mainly because of computational advan i whether 
lying it. It may be mentioned here that the reuslt would be ned fatale 
we proceed from contrasts involving means of contrasts i g nai t p 
The final sum of squares associated with a contrast would turn | 


be same. 





= 6 alin « a ‘ TASS: 
oe Rs +s Eb che pS Re 
as PT Pee eo Pe * a. Pie he WP Pe we 


The sum of squares associated with any particular cra = 
equal number of observations for each sample may be shown to be gv 


. §SQ, = Sum of squares associated. with contrast C, , 


by (SSQ) | 
_(ATy + hla tee FAT) (3.13) a; 

SSQc= TGP +he +e ta) 7 . 3 

Where | fo a 


‘»— Common sample size (number of replications in each 
sample) a oe : a 


L= Coefficient associated with treatment: total T in Cc. 


In case one still prefers to use contrast C in terms of treatment 
means instead of totals, the formula for computing sums of squares 
associated with the contrast a " = 

C=1,x, +], Xat...- + [, xX, 





is given by 





SSQc = fa fi + +h! 
ormulas (3.13) and (3.14) lead to the same value, _ &. | 3 


r (hk, + hike + hee? | (3.14) 


p 


¢ 


i ~ 


~paer ip wae em YO 

ig eT oe meee oe 

mT ae Sr See eee 
eer  - 
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st is-one. Thus 


lf : 

. The degree of freedom associated with each 00% is equal to its sum 

if the mean sum of pe associated with any contra’, the contrast 

4 of squares since df is one. Table 3.15 below SPO theses (0). to (f) 

oF and SSQ associated with each C for various bY¥-ing that each © 

, specified in the example of Sec. 3.3.1. Reme. the 7 treatments 

! _ the means is based on 4 replications, the totals fo ef 
ay are obtained by multiplying each mean by 4. 
og . 2 T™,= 16, 10> 
omni | T, =9, 1, =11,T=12.%=13T=" * 





puting various sums 
These T values are used in Table 3.15 for cot | | 
of squares. = : 


q _ > TABLE 3.15 _o. ae, 
y  § ple of Sec. 3 iS wl 
Contrasts and their sums of squares for the exam 


. a ‘ 
‘ 3 ~ 
3. 
af é 
ay 
+e 






4 Ss Q associated with Cc | 
: | Lat)? 
E Sample | . (Ta ee he ; 
at - Contrast C* —_.estimate of C ssQ, 2 FG 2+ Fie? 
. C, = 6T, —T: — 1s = _ * egg. 
‘ eA es Oe we cuca 0-25, 

. C,=T,—-Ts;+Te—Ty +2 . a 

“ay! : C; = T,+ T; — Ts = T; = Y adie a ae 

Ey —C, = 2T, + 2Ts — Ta a ae 2-08 


—T; — T, = T, 4) | 








: a mee gts Sec. 3 B.2(A). 
* For the hypotheses associated with: these contre” a 
Example - 2. 2 | | i= T \2 
7 OT, 427; -hw- Goa} 
$80, = apr ee  O - 


© xt 42x12 = 13 ary = 
_— 44+4+1+1 4? 





| nulla (3.14) with means 


The same result may be obtained by using fot x, = 4:00, ¥, = 3°75. 


BR y= 2-75, y= 3°00, Hq = 3°25, Hg = 3°00» 


“Ce 0: 


7h 
dite coeds, a Oars ya 
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SSQ,, C, is given by _ | | 
$50, C4 (28s +. 28s = Ba — Fs = Xe oe Oe a 
Qer C,, (2? + 22 + (—1)? + (—1)? +(—1) + (—1)" See. a 


" 4 (22°25 + 2x3:00 + 3°25 — 3:00 = 400-3 


Reto aa eb ee 8 ah ys gE 
we SA hose ete cite Reisen 


= 2:08 (as before). sy tag tt og HOS 


SSQ for all other contrasts are similarly computed. 
C. ANOVA Approach for Testing Specific, Hypotheses: ’ 
(a) Testing of individual contrasts —In the previous section (see Sec. 
3.3.2 A and B), we discussed some basis but important ideas concerning : 
formulation of hypotheses of interest expressed in the form of linear, 
contrasts and the method.of computation of sums of squares associated 
with such Contrasts... We shall consider an appropriate test. criterion | 3 
for testing each contrast associated with some. specific hypothesis. The 
test criterion based on the. Analysis of Variance approach rests on aN 
important assumption. that the contrasts. are all formulated before.. =. 
start of the experiment. In other ‘words, ‘the ‘researcher should spell. 
out his hypotheses in the form of linear contrasts even-at the stage of 
designing the experiment and not after inspection of the data.“ Though... -: 
this is a serious restriction on the use, of this approach, it is often found. ~ - = 
tio be useful since,--on most of the occasions, the researcher ‘would not 
start an experiment without. having some hypotheses in minds»... © 
Assuming: therefore that contrasts to be ‘tested are formed before 
“the data collection or anyway before data inspection, the. following | 
ANOVA approach maybe employed to test such hypotheses. Of -..’ 
course, all the usual assumptions mentioned under Analysis of variance} 
such as normality etc., are assumed to be satisfied. .Under these-con-. . 
~ ditions, it can be shown- that mean sum of ‘squares associated with any, 
contrast Cis composed cf two components, viz., ‘one due to extraneous - =. 
factors, i.@., «2 and another due to the real effect associated with that - 
contrast. If now we make the Null-Hypothesis that this latter‘component 
C = 0, associated’ with, contrast C, then MSS, associated. with C will 
contain only the random error component so’ that MSS, is yet another | 
‘but independent ‘estimate of o?.., Therefore under . Null-Hypothesis. 
(see Sec.” 3.3:2 A), we ‘may usé F-test to tést the equality ‘of two 
independent estimates of o*, one from MSS, as pointed out above: and 
another MSE, the mean sum . of squares obtained in ANOVA table 
If this F.turns out to.. be «significant, then we 


ets for error component. 1 og te regs , | 
reject the Null-Hypothesis © and , accept the alternative hypothesis that 


- v« " 
b= : ‘ , 
iM rye vi gt ¢ Se Pi Ors ; : : 
. . . -s a.tbea Sle ° 


; form’ of a contrast, the step-wise procedure is: 
——! Step 1.—Analyse_ the data in the. usual ANOVA wa de r 
an the early part ‘of this chapter. Test. for the overall ‘apenas : 


Then for testing ‘any hypothesis involving ‘several. means in th 


~ 


' a ee 7 
i a’ she Oe, ae ie 


‘treatment averages by. means: of F-test.» If F-test turns: out :to.be cn, porte 
significant, there is no: need ‘to proceed further and the analysis © at « 
to an end. If F-test is significant indicating overall: differences send wie 
the treatments, proceed to Step 2 to test for the specific contrast | . ee 
lated before. the analysis of data; © 8 ee es 
‘Step 2.—Compute mean sum_of squares for each contrast as’ .de- th tees 
scribed under B in. this section. - Since the df fot each contrast 1s .on®, me 
MSS associated - with that. contrast -is.given by ‘SSQ,° by the ~formula aoe 


“, 


: t , 


. 


(3: 13). = | Ls wee ce i dae ag oe tet Vee yt Ts 
If one desires to use the contrast expressed ' in ‘terms of treatment 


means instead of totals, then’ SSQ, is given by the formula (3.14). oy 0 


_ . Step 3-—Compute ,F-ratio, given by 700.8 e 
wa tae ae MSS. associated with the coatrast-; 
| F = \ggpassociated with thé error component in ANOVA table 





on eae 


If y ig the number of df-for error mean sum. of square, compare — 
this computed. F-value with the - table value (Table C, Appendix) for - 
1 and v df for a level of significance (« = 5 per cent or 1 per cent).” 2 


-”Tp-the computed value of F exceeds the ‘table value of Fat. level 
- of significance, reject,. the -Null-Hypothesis: that C= 0: and. conclude. we 
C0... This means the hypothesis associated with C # 0 1s accepted. 


For instance; for the hypothesis:; there is no ‘difference ‘between | 
organic and inorganic manure referred to in (f). of example in. Sec. : ‘ 
3.3.1; the associated: contrast ‘C “is given by: G defined as. (Seco. 


GEM HELA RSW sew as 


- 


_ If C, =0 is rejected and C,~.0. is. accepted:’ this’ means ‘there i - 
a significant difference ‘between the two ‘kinds’ of “manures: In‘fact’‘we 
have already computed the SSQ associated with this contrast reported» - 
in Table.3.15 as equal to 2: 08. - Further in the example under Sec. 
3.3:1, it is reported there that the mean.sum of squares for error is: 


0°21’ with 27 df. Hence phe 
ee = MSS associated withC, _ 208 ghost Ue Mrs 
n= ~~Error MSS- «0-21 =/10 (approx).2 oii 


| fig 


- 





-. The table value for F at 5% for 1 and 27 df is 7-68. Since. the 
computed F-value exceeds this table value of 7:68, we reject the Kae 
Hypothesis of equality of two kinds of manures—organic :and inor a 
—and: conclude. that inorganic manure is probably superior - yr 

og _ Organic, since the sample estimate value of C, is — 10 (see the ord n 

4 which the contrast is constituted. FYM—Inorganic). | = 


_ 


Error 


128 DESIGN'AND ANALYSIS OF FIELD EXPERIMENTS 
rasts.—It was men- | 


(b) ANOVA test for testing orthogonal cont : ee 
gonal contrasts was pre-" Pe 3 


tioned earlier in this section choosing ortho E: 
I certain specific statistical 


féerable to non-orthogonal contrasts owing to cal 
advantages in favour of orthogonai contrasts. Such contrasts might 


ificing the main interest for mere ortho- =. 


also be conceived of without sacrt 
gonality alone. However, one very strong attractive feature of ortho- 


gonal contrasts is that sums of squares associated with them bear a 


particular property with the total sum of squares for treatment group 
re are four treatments 


in Analysis of Variance table. For instance, if the 
under investigation, the number of degrees of freedom available for 
treatments is three. We may now think of constructing any three 
hypotheses leading to three mutually orthogonal contrasts and in this 
situation it is always true that the sums of squares for these contrasts 
add up to the total of treatment sum of squares. . In other-words, we will 
be looking for some three orthogonal contrasts (hypotheses) which will 
together explain all variability in treatment sum of squares: This is 
yet another way of looking into the meaning of df which shows how 
many orthogonal (mutually) comparisons we can conceive of among. 
treatment means. | a Pe Pee a 
We shall now demonstrate this impo Eres ty t rough an 
example. aes ac alow Property ie ough an 
_  £xample (Hypothetical):—Four treatments A, B, C, D, are included eu 
in.a simple design called—Completely Randomized Design (Ch.. 5)—for. 
comparing their -elfects. The four treatments. are: Ay cea: 
A=a control, that is, no treatment of any kind;. | 
Ba particular brand-of pesticide; 2 
_ C = another brand of a. second pesticide applied at. lower dose; a 
D = the same brand as C, but a higher. dose is ‘applied. ar 
Each of the above four treatments is applied to five ‘plots and the 
data recorded indicate the percentage of plants affected. by the pest 
under investigation. A preliminary one-way Analysis of variance resulted _ 
as in Table 3.16. - a ce ee PON, eg ee ae 
ANOVA for above data : 





—_————————————— 


- Source mde df SSQ So MSS. - F-ratio._ 





Treatments i (atts 280 93-33 «15-55 











ANALYSIS OF ‘VARIANCE. ae ag 7 : 
Also the average’ s for the four treatments. and their totals. ae: 
Treatment ..- A 


Treatment Mean 2 °..: 6°; 2 ; 4 : wi 


Treatment Total ou atts 60 boa Ms 30 eae 40.5: “20. 


Bu 


“We shall first demonstrate the important property of additivity of e _ - | | ge 
sums of squares for orthogonal contrasts (SSQ.) by setting three sets. + 


of contrasts—Set I, Set II, Set Teach set sh be composed of mut ty ca ; 
—e, contrasts (Table. 3. 17). : ; ap 


| ‘TABLE 3. Mh Pe Pe Ne BiB ae 
Three sets of many possible contrasts for oat treatments. _ Treatment ; 
Page totals are given in brackets below the treatments | fs 






Scat ee AaB ie oboe D. “Contrast Sum: of 
Hypothesis (i.e., Contrast). $$ ——————— = | 





i eee , 





a. ai os - 30) 
(1) a My — fy e Hae “S Ls Z ; eee | “a ‘ | 120, : 20" ae 
(2) rie =e + Bp P 


a 
(3) He = Hp ia pen eee ai oe 0}. 
widenmn Boo Se wap 
(5) ype pe ee ee Hee Os yaks a? 0 50,, 250. are te 
ee 
Sop THD BO ak ee pe Ae ee he a ey 
Ou= ies Be EO a rae oe eee Baa 





atm the ee gigi’ 4 © SULay es” B {hdd to 280. 
@ m= Be ci.cc ict Par aa a ana el 





ae ue 





. The ‘computation: 3(60) - — 30 — 10 — 20 = 120, | a es 
a eee | 40; ; ot ll Ae eA 
S8Qa.= se CHEF (HD CDT on . 
From ‘Table 3.17 it is evident that in an £ experithens snvolviti four’ 
treatments, many comparisons can be conceived and, in fact, many-more _ 
can ‘be. added to the § above list. tt — however be pointed. * ti 1s 


9 


-) .. 4 > Rest ay oS PO I at Xe 
Md be ‘ - oe =. o a)% 
“" a eS . 8 Lg» vodete att . 
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. ms: ; , ' . e. ® : re 
impossible to construct’ any set’ of orthogonal contrasts involving More 
than three contrasts.“ It would be an exercise for an or egal’ sera 
to try to construct a set of, say, four constrasts mutually orthogo 


In Table 3.17 we have shown only three sets fur purpose of illus- 
tration. that the ‘three sums of squares attributable to contrasts within . 
each set add to 280, which agrees with the total sum of squares for treat- 
ments in ANOVA Table 3.16. . For instance for Set Ill, the. total 1s. 
640/3-+: 80/3 + 40 = 280. The reader ‘should however note that any” 
three sums which add up to 280 would not constitute an orthogonal set. 
Consider, for instance, constrasts (1), (2) and (6). The three sums of . 
squares 240, 30, 10:add to 280, but contrasts (2) and (6) are not ortho- 
gonal as the sum of the products riba: 
up to 3 and not zero. Why then is it so? It is sheer. coincidence that 
SSQ of constrast! (6) also is 10, which may be peculiar to this set of | 
figures. In other words it emphasizes that, while orthogonal contrasts 
always guarantee the sum to be equal to treatment sum. of squares, t x 
other way round is. not true. It is this unique feature of orthogona 
contrasts that make them attractive for selection. __ a 


But remember that for any given set of treatments, there need not ~ 
be only one set of orthogonal contrasts as evident from the above. 
example. There will be many but some of the constrasts may be phyically 
meaningless to a given situation or experiment; some may ‘be more - 
meaningful than others. The. choice. of any set of ‘orthogonal con-. 
trasts depends upon what meaning they constitute in physical’ semse.. 
For instancé, in ‘the above example, Set I is the most meanirigful set 


compared to the other two, though particular contrasts in IT and It - | 


are also meaningful. In Set I for. instance, 


_ Hs T Be + p 


js equivalent to testing whether pesticide treatment in general differs. oe: 


significantly from no treatment, i.e., Control. 


be +H as 
bo 35 an | , 


is equivalent to testing whether, between the two pesticides B a 3 . 
prands, brand B is equal to the average effects of brand C at two . & 


dose levels. — 
is equivalent to testing whether, within 
has any spécific. effect. ‘ane 


| Assuming that Set I contrasts are more relevant or interesting from. : 
‘the viewpoint of the experiment; ANOVA table showing such detailed - 


os nil 
aie a ee ee 
: rete’ 


jnformation, may..be..set up (Table 3.18)... 


f . 
. Ny te = . eae 


|: # Jf there ‘are: f tieatinents -with. ‘(¢ —1)-df thes po — ee oo | - 
(t — 1) orthogonal contrasts which are mutually orthogonal. praia a set of 






of the corresponding coefficients add 


brand C pesticide, the dose level . 
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TABLE 3. 18 
Detailed ANO VA table for data in example on nD. 128 | | 
Source df $s MSS .: F-ratio 
Treatments: = os 280. 93-33 7 15-56. 
(1) A vs. Rest 1 240. 240 “o 
(2) Bvs.(C+D) © by nt, 230, aye WD 5-00. 
G)Cw.D . |b 640.947 10>: NGF 
Error .. | 1600 96 6-00 = 

‘Toran 5 19 3160 ee oe 


; : at “8 ; ; 


The F-ratios’ in the ‘table indicate (at 5 per cent level, ee 4: 49 
for 1 and 160 df): . 


(i) The treatments differ "significantly among. themselves = = 
15 56 > 4°49). | 


(ii) The - Pesticide treatment thoes a shpcitiastane’ effect, in “com 
parison with no treatment, ie., Control A(F = 40:00 > 4: 49). 


(iii) The pesticide of brand B shows a slightly significant difference 
| nian the average effect of brand C (F= 3 00 > 4: a 


~ (iv) The: two dose levels of brand C-do not dem onstrate any difference : 
of significance, (F = 1-67 < 4-49). | | 


However, if one ‘wants to have a more Sapibensraniee ae of 
] per cent in place of 5 percent level (F = 8°53 for l.and 16 df at - 
1 per cent level), then excepting. (i) and (u), om, others: turn. out. to 
be non si ignificant. | 


The above example, it 1s hoped, ould provide. some. ideas about 
ee usefulness of ANOVA approach in singling out some specific hypo- 
theses of interest beyond merely saying that the treatments differ signi- - 
ficantly at such and such a level of significance.. The same technique — 
may be employed even when the. contrasts are not orthogonal but the 
reader should be careful while making statements | involving all of them 
since such, contrasts are not uncorrelated. 

D. ‘Multiple Sonnariias All Imaginable Contrasts (Scheffe s 

S-Metho d)* 


‘The ANOVA approach + we considered just now is-a valid method 
if the contrasts are formed before .data collection or data rigs ne 


4 


_ * Henri Schete The Analysis of Vari iance, Wiley, New bea 41950). 
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Further in such a situation, it is a more efficient method than the one a 
to be presented in this section in the sense that it identifies more ig pa ie 

ciently a significant difference than is by the-latter method. , But bss ae ariel Ee 
often it happens that an experimenter would perceive an interes Ing ae ke) 
result after the analysis of data. In fact, when he performs the a ana 

lysis of data he may develop a bunch of new hypotheses based entirely iin 4 ay 
on the outcome of his preliminary analysis of the data—the hypotheses “2%. ; 

he would not have conceived in his mind before such an analysis. In 

such situations. the earlier method of ANOVA would be invalid as these 
hypotheses are formulated based on the present data. The problem 
then would be: how to proceed further with the testing of such hypo- “J 
theses so that, while making inferences on all of them simultaneously, - eee 

) the total risk of judging as significant a false hypothesis 1s still less than = 
_, a predetermined level, say, 5 per cent or 1 per cent. Scheffe ~has 
developed a ‘technique, which he calls S-method™ that provides 

a solution for. all multiple comparisons (contrasts)—in fact for all 
imaginable. comparisons, preconceived or not; and at the same time 

the method ensures that the total risk for-all of them still remains less 
than a predetermined level, say 5 per cent or 1 per cent. Infact, - 
when any one comparison turns. out to be significant, then F test in 

| ANOVA shows a significant F-value. In other words, when F-turns _. 
out to be significant in ANOVA, we. may use Scheffe’s:method to — 
identify one or more specific contrasts that could be.responsible for. . 
a significant F in, ANOVA. With all.these recommending features of 
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ey S-method, it is not the most widely used test because the test is @ 

ie conservative and declares. more often a difference as non-significant, Hi 

Be which could be detected as. significant by -¢ ‘or F-test when valid. a 

ae Some = statisticians sometimes recommend: a larger level of a, say - “alge 

at | 10 per cent, to detect such differences by the more conservative tests. ~ =Me 

2 - However it would also be remembered that larger value of aincreases |. .:3%4 
. the risk for false declaration tco ! In summary, this method may be mel. 


recommended -whenever a hypothesis is developed as a hunch from ~~ “Ea 
an examination of data, while if the same hypcthesis is a preformulated : 
one, it would be. more efficient to use ¢ or F-test. © a ade $e 


| oe Before presenting this method, we shall digress a little while to me 
| present the concept of Standard Error of acontrast. The reader would .- 8! 


tecall we: mentioned earlier [Sec..3.3.2 B(5) p 123) thata contiast = 
C which is the sample analogue of a contrast c of the population, like = as : 
‘any ‘other random variable, is also a tandom variable except that its “2 

~ form is a linear combination of sample means which are themselves * 
random variables ; further C on being a random variable, we.can con- 
ceive of a Standard Error of C. It may be shown mathematically that, 


if | CHG telat $C BQ=0) | BAS 


: is any contrast and if its sample analogue is = sate nal mo 
al ak ek a CN) 
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then the Standard Error of C, SE ©), is given by. the expression ee 


(O- [eres “Fe a teats GAD * 
‘ance: of and r is: the | 


| where s? js an unbased estimate - of common vat ae 
common sample size common. for all samples. Notice: ‘that ° the tat i, 
of 5? is provided by the Error Mean — (MSE) in ANOVA | so.that 


formula posi genre OR MS 


For instance, in the ‘Paaniple: in. “es. on 3. 1 we: had ce 


27 df., r=4 (replication). If we Coheed in n contrast CG 


= 19) the SE © 1S given by: 
“SE = = SE (22, aa 2g: — “Ky — - i, — Xe “= =) 
= =4/ bean HD _1p+(—0F me 


a eo (12) (-21) _ 


We shall now "present the method for the specific: situation: of 
testing of hypothesis of the form C= 0 against the, alternative’ C# O- 
where € is any imaginable contrast involving treatment. means. . It. oe 
may however be pointed out.that S-method, like many methods, is . 
applicable to ‘problems of testing a more. general hypothesis, say, C=C, 
where C, is any preassigned value, to Ce or for sree uP: suitable, 
confidence interval. Ha nat | ie ns wa 


* Box’ any given contrast C such as in @. 15), Scheffe = hes ikiedt inte. | 
fo. t treatments and v df for s? ores is MSE 1 in AONE. sr the 


a aa mans that the ratio | 


: ut 2. fos | bof Ase ley 
poker the - gaainhy 
mae sea = FC; a 6. 20) 
where F rm t—1, v) is‘ the familiar F-value in the table 


for (t—1) and » df ay a level of significance, 18 a per cent . 

-or less. Here (¢ — 1) refers to the df for the numerator and » for the 

- denominator. Thus, for any: given. situation, if the computed ‘value 
of the ratio (3.19).is less than S of (3. 20), we accept the Null- 
Scat, C =0, or ahs. — it at C aa ‘cent level of signi- 
cance, | 


a . ’ ‘ 
oo 


LD EXPERIMENTS | oe 
- beh , ee ag et. ba 

‘We shall illustrate this _method—stepwise-through an rag ah mew He 
Example.—A manurial experiment was conducted on pa Y pall Ree oe & 
during the year 1963-64 at Agricultural Research ‘Station, Nagen 1 oa Become r| Be 
Mysore State, involving 6 treatments in factorial COMMIT ais as 
as a 6 X 6 Latin Square Design (Ch. 7), with the object of ; pera 
out the requirement of lime to soil. The treatment combinations 4: ong a eee 

ner din Table 3.19. 0 aes ek si. a 
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with their mean yields are reporte 
TABLE 3.19 | 

Treatments and their yield (total and mean) “ital 

oa *;3 Average ig 

Treatments ee Ee  PeOtal yield/plot oie 








ty = 250 Ib of lime per acre a. | 29 -- es, > ; | 
t, = 250lb of lime peracreplus 30-25” 
" PGON 20D) ati oe gine ea ee 


4; = 500 Ib fF tite G6e acre plus” ee 2S eS. 
a GON450P). ees BE 





i, Control 2 8 eT a 


“Error Mean Square MSE. = +38 with 20 df. aS Ce aa 








_* Based on six replications of each treatment. 


Supposé after inspection of yield figures, the investigator formulates 74 
‘a hypothesis like this: the addition of lime appears to. have increased = 2400: 
“the yield compared.to the control; however. the presence of GON 
+20 P) per acre along with lime, though seems to be beneficial, it might" {4 
be that the treatment (30 N +20P) plus 5001b lime seems to yield : 
Jess ‘than when it is combined with 250Ib/acre of lime. | T o.-check his .. --:2a4 
‘impression gathered through a preliminary inspection of data, suppose 
he sets up a suitable contrast Cas follows: 3), eee: | 





Then the’ Null-Hypothesis would be C=0 with its alternative C4 0° 
To test: this hypothesis by Scheffe’s method proceed as follows: a 


CH Hythe ia ba 


- - Step 1.—Compute the sample. estimate E of C by the sample ane- 
dogue Ae ee a dag out 
= 5°04 + 4-83— 4-83 — 4-88 = 0°16 kg/plot, 








ANALYSIS OF VARIANCE ae 7 is 
‘Step 2. —Comput the SE(C) by the use. of formule 6. 1 of. (3:1 18) 


- SE ©- al (9 : c +(- ore +(- “1 cl 


"Step sldtnioute ‘the’ ratio | a CS a A ve ca ae Mo 
6 147016 | —— _—_ 

aed 32. Hegde &, ¢ See ot. Sa, és 

SE EO. in Oy . \ : - 3 | . 7 


and the value for . | 
Ss = V(t — 1) FG, t—1, =T 7) 


= VED hie Note FU 05, Bi 20). 22 a 
— 3: 68. ; an THe ely. f 


. 

a . 
bye SE ; 
% we ® 


“Step 4. ~Sincé: the’ aed value 9) 32 of. the ratio > GISE ©): im 
step 3 is‘less than: the'value of S.= 3: +68, we do. not: reject the Null- — 


Hypothesis and‘ conclude: ‘that tliére ‘is'.no’ “evidence ‘to: suspect harmful 


effect of GON ba 20 PY ha ood ‘higher level of lime, Vids, one ee acte o 


olf the same contrast” were’ “set. up before the inspection ‘of data ee i“ 
may apply either S-method ‘or ANOVA | method. ‘For™ the: ‘present. . 
example, the reader may check ‘that: ANOVA method: also comés: to 
the same conclusion as S-method, though this. may not be so in general. 
However, S-maethneds As less efficient. in: “general: ‘thar: * Peed ” or _ 
-method (see By nae Spey a yh pais te aed _ 


e ‘ . . Was 
4 : . jue a 
‘ \* 


E. ‘Student Hest or Testing Individual Contrasts Batons AG 2 Pema 
Before: alesing up ‘this: section, we: ‘shall Saw, C ulekty ‘anotiier 7 
-"eommon.: method for testing a contrast C using. ordinary t-test, when 
C involves:more- than. two-means. ‘The. “necessary* condition for this 
test is that the contrast. should be set: up before any- inspection of data — 
is done. Of course, conditions of normality, equality of variances, for 
all samples, etc., are assumed to hold good. | | ‘ 


a os 


The test statistic to be deed is given n by 


“a rate a Ae Miatega ss ee | G. 21). 
game as used in Scheffe’s method. But instead of using the criterion 


-§, we simply use the oidinary #-table with v df associated with s?, -based 


| ve ge poorest sym of square or Error Mean on} MSE in ANOVA 
ta e | 
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“The formulas ‘for the §R(G) is the same as formula (18) givin 
_ earlier. For the previous cc By t=: +16 (as before) but we eh a 
now to t-table. with 20-af The 5 per-cent (level of significance) erie a 
_ t-value for 20.dfis found to be 2°086 (Table B, Appendix). Since cal os 
. observed value of -16 for 7 is less than this. table value of 2086, we, 
reach the same conclusion as before under -S-method. But | this “need oe 
‘not bethe case always. When S is significant, ¢ will.be so.but the | 





other way round need not be true. 


As pointed out Carlier: ynder | comparison. of | pairs of. means, the — 
same restrictions hold goog for ¢ when many contrasts are, to’ be tested ma 
in a single experiment; the chief of which being that,one or two may”. 
With so many techniques presented in this section, the reader —. 
might be interested to know when to choose an appropriate testing 

method. It is rather’ difficyit to make ‘a definite recommendation with- 
out qualifications. Broadly jt may be ‘mentioned that: when ortho- ~ 
gonal contrasts are set-up before the experiment, use either tor F,,for  . 
they lead to the same conclusion, since the two are mathematically — 

-Felated by the relation ‘#2 — F(1,y) where F.now refers to..1.and:v df... 


In. fact, the reader can:check this easily by squaring each table value. 
of tin. t-table and get. the values reproducing the values of F-table . 
for.1 and'» df (col. 1 in -F-table).... When contrasts are set up. before — 
the experiment, tand F are more efficient than Scheffe’s S-method. _ 
When contrasts are set up after the inspection of data—that.is, when 
uch contrasts ate peculiar to that. experimental set-up—use Scheffe’s 
S-method, since it 18a more conservative test..- © 0 
. _If- the testing involves al) possible pairs of. comparisons of means’ 
_* prefer t-test if the number of Saish is not. Jarge, otherwise Tukey’s:test.. 
Tukey’s test, although a more conservative test, has a definite advan-' 
_ tage of providing a single, at the same time, a. predetermined. level of 
_. “tisk. Though Scheffe’s method can also be used for comparison of all - 
pairs of ‘Means, 1: has been ‘found that this method is less efficient. ~~ 
gee if it tums out to reetisons are involved check with S-method to 
ie yeegiigi yt (i, aie | Significant | ek this more conservative’ test. = 


CHAPTER 4 


4.1, Planning an experiment to obtain appropriate’ data” with “ies Oa 


BASIC PRINCIPLES OF EXPERIMENTAL DESIGNS 





respect to any problem under’ investigation is known as ° Design. 0 are . 


Experiments’. It is “ .:.... a complete sequence, of steps, taken WF 
in‘time to insure that appropriate data will be obtained in a way: 


permits an objective analysis ‘of data leading to valid inferences with ae 


respect to the stated problems”.? : This might range anywhere :1romt 
the formulation of the objectives of the experiment. in‘ clear terms tO 
the final stage. of drafting reports incorporating: the important findings © 


of the inquiry; the structuring of the dependent. and independent varia~ ce 


bles, the choice of their levels in the experiment, the’ type ‘of: experir 
mental material to. be ‘used, the: method. of ‘manipulation .of the. varia- 

- bles’ on the experimental material, ‘the method of recording and tabula-- 
tion of data, the mode of analysis of the: material, the method of drawing. 
sound and valid inference, etc;. ‘are all intermediary details. that go with - 
the. planning of an experiment. ockte! AUNEERRE EA COs, see ee = Sp. 


In this chapter, we are concerned: with : three basic “principles , of . 
experimental design that go to increase the precision. of ‘an experiment. 2 
All other details. mentioned earlier.are quite: general in nature -and: their 

details depend: upon.the particular experiment under: view. -But almost © 
all the: experiments involve the three basic principles, ‘viz., (a), Randomi- — 


zation, (5) Replication, and (c) ‘Local..control.”. Las 2 


© These three principles are, in ‘@ way, ‘complementary to each other~ 
in trying to increase the precision’ of ‘an experiment and:to: provide a : 
valid test of significance, retaining at the same ‘time. the distinctive.fea- — 
tures of their roles in-any experiment. Before we.actually: go into the 
details of these three principles, it ‘would ‘be: useful to. understand. the 


- nature of v ijation among observations in-an experiment: 20 8 


-° Opservations in any experiment ‘vary considerably. .These varia- 


tions are partly produced. by the manipulation of certain variables of 


-jnterest, built-in. and” manipulated _ deliberately in the-experiment. to ~ 
study their influences ;-- for: instance, varieties in variety trials, levels 
and kinds of fertilizers in fertilizer trials,-etc., are all variables: of interest 


to the experimenter. . Besides the variations, produced in’ the: observa- 


be ry 


tions due to these :‘ known.’ sources, the variations are also produced | 
_py:a large number of “unknown sources ;. Variations in experimental =~ 


material used,’ differences in’ soil fertility, variation ‘in. environmental - 
conditions such.as temperature and humidity, genetic variations:in-the 
seeds, etc., all these and an umpteen number of other ‘unknown’ factors 
will all be affecting the: observations :made in any. experiment. . The . 
variations produced by these extraneous sources are, of course, irrelevant 
and undesirable from the viewpoint of a good experiment.’ But they 
are there, unavoidable and inherent in the very, process of experime ae 
tion. These variations, ‘because of their ‘ undesirable.” influences, ’-are 


2 


.— 77: - OC eee 
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termed as ‘ Experimental Error’, thereby meaning not as an ng wire 
error but as variations produced by a set of unknown factors bey 
the control of the experimenter. . + Res oe 


4.2, NATURE OF EXPERIMENTAL ERROR © 
It is further interesting to note that these errors introduced into 

the experimental observations by extraneous factors may be either | 
‘systematic’ or ‘random’ in their mode of incidence. The nature 
of error of a faulty clinical thermometer,, for instance, which records 
always 1° F. less (or more),.is. an instance. of ‘systematic. error where- 
as,.if it records the same body temperature sometimes more:.or some: 

times less in an unpredictable manner, the nature of error: 1s random. 
or ‘ unsystematic’.:. In such situations it isiclear that any number of 


repeated measurements with the same thermometer would not.: over- 


come this systematic error (if it were so). whereas it is very likely ‘that 
the ‘random errors’ would. cancel out with repeated measurements, 
larger the number.of observations greater is. the chance that the mean 


of observations provides.an accurate estimate ‘of the true temperature. 


This is the secret of ‘replication’ as. wé shall see later. 


The three basic principles, viz., randomization, replication. and © 


local control are therefore devices to avoid the systematic error and 
to control :the'-random: etror. -.,.5°¢ oF His be a te 


ea a 4 | 7 os an 
(a) Randomization = : fe 


R. A. Fisher in the design of experiments. ‘3 


This’ is. perhaps the most revolutionary principle introduced by. 


Assigning the treatments ‘or. factors to be tested to experimental 
- ynits according to defihite laws of: probability: is technically: known ‘as 


randomization. It isthe randomization, in’ its. strict technical:sense, - 
that guarantees the elimination of ‘systematic error.. It further ensures 


that. whatever error’ component ‘that: persists. in the observations is - 


purely random in nature. This provides a basis: for estimating a-valid 
estimate of ‘random fluctuations’ which is so essential in testing of 
significarice of mean differences, 


Inthe. principle: of randomization -every experimental. unit. will 
_hhave the ‘same ‘chance: of receiving ‘any: treatment." If;. forinstance, 
there are five varieties of ragi tobe tried in, say 25 plots, randomization 


ensures that certain varieties will not’ ‘be favoured’ or: handicapped by 


extraneous sources of vaiiation over which the experimenter has no. 
control ‘or’ over which he chooses not’to exercise his control. :The 


process of random allocation may.be done in several ways, either by 


drawing lots or by drawing numbers from a random table.. In a sophisti-. 


cated sense 25 random numbers are’ drawn from a page of Random 


‘Numbers,* the page itself being selected'at random. If the’ numbers 


_ * A table of random numbers is simply arrangement of the digits 0 ae ee 
; A — 9 9 s@e eee 


4, g random sequence. For details see Finney: An Int of the digits 0,1, 2.... 9 
Agriculture Segond Hay pe2-28,- 0 Seen W0 Statstieal Setence in 
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BASIC PRINCIPLES OF EXPERIMENTAL DESIGNS i “4 


are 1,°18, 12,-22, 3, 4, 6, 14, 2, 5, 25, 7, 16; 8, 9,21, 20, 10, 11, 13, A> 
24, 15, 19,23, variéty -V, is'sown in plots (1, 18, 12, 22, 3) variety 
in plots (4, 6, 14, 2,'5), variety -V, in plots (25, 7,16, 8, 9), variety $3). 
plots (21, 20, 10, 11, 13) and variety V,'in plots '(17, 24, 15, 19,'4: 
This process is called’ ‘‘unrestricted randomization’. an 


{js used in the | 
design called ‘Completely Randomized Design’ (Ch. 5). | There are 
procedures called ‘restricted randomization ’ which '-will also | These! 
in different designs depending upon the type-of “design used. | arts 
will be introduced at their appropriate places. ' iia oe. ee eae 5 


(b) Replication 06 Pha ee Be od 


Replication ’.is -repetition of .an experiment; under identical ¢on-:. 


material on which all procedures.(with the same sequence, time piper’, ace 
and so:.on) ‘have. been the same. ° Replication is,.essential for :¢stil- 


. Mating the error.influence. . 


-.. Replication, with randomization alone, will provide a basis tor 
estimating the error. variance, In the absence::of randomization; :.a / 
amount of-replication may not do this job as.:we ‘saw in the. case 0 


clinical thermometer. ee 
“>The precision of anestimate of meanis expressed in; terms of ‘stan- 
dard error of mean o, = o//n (where o =:SD-and m is.«the number oF 
replications); greater the number of replications greater“is the precision 
since smaller is the standard ‘error.t » Thus: given. sufficient: number OF . 
replications, one can increase the precision of the experiment ‘to’ any 
desired level provided randomization is present. In other.words, if 
randomization ensures ‘the “elimination: ‘of systematic ‘error, rep seauon 


keeps the random error to as low.a level as-desired. “'°*: 





The number of replications to, be:decided in.any-experiment depends 


if) - upon many factors like the ‘homogeneity or, heterogeneity of 
‘a experimental material, the number of treatments, the degree of precision 
‘ ee required, etc. As arough rule, it-may be.stated that the -number of 


replications in a design should provide. ‘vat. least. 10-15 degrees of 
freedom ‘for computing the experimental error mean square. 


if —@) Lodial. Control 06 ee a 
é Local Control means control of all factors except the ones about | 
which we are investigating. Local Control, like replication, is yet 


_ another device to reduce or;control the variation-due--to- extraneous 
: | _ factors and increase the precision of an experiment. If, for instance, 
an experimental field is heterogeneous with respect to soil fertility, then 

_ the field can be divided into smaller blocks such that plots within each 
block. tend to be more homogeneous. This kind of homogeneity of 
plots (i.e.,. experimental units) ensures an unbiased comparison of 





- f See page 48, : 


a. 


ditions, but not mere repetition as such. ‘Sometimes what one —. ae 
as: replication :may- not really- be replication, that . 15, experimental 
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pers er | | ‘bute the 
treatment means, as otherwise it would be difficult to. att atments. 
difference between two means, solely to difference .0' ee aune ie th 
when the plot differences also ‘persist. As a secon = rs 
birds (poultry) in an animal experiment, are heterog eon ne 
respect, to their weights, then to make any treatmen’ comps SiO Be 
of two levels of feeding on their growth rate, the birds may have to De 


. ’. This 
grouped into homogeneous groups with respect to. their eis ail 
type of local control to achieve homogeneity of ey tek pier help in — 
not only increase the precision of an, experiment be Lae ae ee 
arriving at valid conclusions. ‘ | 


There are different methods of achieving this kind of aera : 
—grouping, blocking and balancing. Since the Pe ester factors 
local control is to minimize ‘or eliminate the influence of © this can be. ” 
other than the ones whose effects. are under investigaliony no gencous. 
achieved by grouping the experimental ‘material ito CBD (Ch: 6). 
groups or constructing blocks of experimental: units as mae u ings “on 7 
Much = precision can be gained by ' balancing - such ca d F 3 like 
blockings in a system as in the case of more: complex. dé a anita : 
lattice. Suffice it to emphasize here that techniques like ‘anc | 


ae ae hy se ee ee ee NN pete ta’ teneouing the pre-. 
tion, replication-aind local control are but efforts im impr Ov E th many 7 


-« 
‘ 


_ cision and accuracy of our experiments.. We shall meet Ne 
' ¢xamples. later. in‘thisbook.) 90 Oe 
- In short, it may be mentioned that while ganas Pe ie eg? 

method of eliminating .a systematic error (i.e. bias) in: alloca rl i 
__ the other two, viz., replication and local control try. to keep this at gon 
error as low as: possible... All the: three ‘however. are. essential - yr st 
making a valid estimate of variance: and to. provide. a yalid: test o 


~ Fisher’s. diagram succinctly summarises-the roles. played. -by. these 
three basic principles. in experimental: designs. -,..... Ne Peo tA 


DIAGRAM OF PRINCIPLES FROM WHICH MODERN 
|’ EXPEPERIMENTAL METHODS. HAVE BEEN’ EVOLVED 
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_ to be considered in this book. Since the adaptability of this ot 3 ¥. 
in agricultural field experiments is very much restrictive due to ah “~? 
basic inadequacies in the design, this design will not be discussee. ve. . 


in all its details. However, an understanding of its basic principles - 


to be discussed in the subsequent chapters. = 


~ 


5.2, THE DESIGN a 


A Completely Randomizéd Design 1s one in which the treatments, _ 
such as varieties in a variety trial, are allocated to the experimental ra 
units (e.g., plots) completely at random. If, for instance, there are — 
three varieties of rice to be compared for their yield capacities ane 
each is to be replicated, say five times, then according to this | design, 
the three varieties are allocated to the experimental units (15. plots) 
completely at random so that ‘every unit has the same chance of 
receiving any of the above three varieties, =. :- | 
- This unrestricted type of ‘random: allocation of. treatments. to . 
different experimental plots naturally presupposes that all the expefi- : 
mental units to be as alike as possible so that the differences observ 

- in the responses are attributable to- the differences in treatments: rather 
than differences in experimental units. But this may not be the case in 

- most of the experimental plots in agricultural field experiments, where 
the soil fertility is not uniformly distributed over all the plots. This 


- will increase the error: variance in the experiment so that small treat- 


‘ment. differences are not.detected by such a-design. Hence this design 
+s seldom used in field experiments 10 agriculture.. But it is one of the 
most frequently used designs in other biological experimentations. — 
This design permits the partitioning of the total variability present 
in’ the observations into two ‘components—one attributable to . 
the experimental error and the other .due to treatment (varietal) differs 
‘ences. The general layout and. the statistical analysis involved in. this 
type of design are given jn the following.example. = a 


Example.—Table 5.1 shows. the random allocation ‘of three 


ee 


being replicated 5 times. The numbers in brackets indicate the yield - 
~ of -rice in kg. per: plot. . Pa ge eae ee rae ee ae 


Randomization.—The procedure of randomization Se ee 
from the layout of the above field plan, The plots aré numbered from” - 


?. 





5.1. This is the simplest of many experimental designs that af@ 


will help to appreciate the need for and construction of other designs - as < 


varieties of rice A, B, C among ‘15 experimental plots, each variety al 


142 DESIGN AND ANALYSIS OF FIELD EXPERIMENTS 


TABLE 5.1 pA i 
Field layout of CRD with 3 treatments and 5 replications ; 


oe E ; 
l 2 3 4 . 

6) 2 7) (8) (10) (9) 
ED 


— re 





: —_ 
«st + 6 6 : = 7 g | 9 l 
BS ot A OB AL 
(8) LB) 13) (12) 








__ 
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oA . Cra Be eee tee le 
(8) (6) 9 3 GO) 6) * 


. : ‘34 : ) a | ble: 
1 to 15, Fifteen random numbers are selected from a Random Table; 
first 5 sbmbers are allocated to treatment A, the next 5 for ae ge : 
B and the last five for treatment C. In the above example, ie —— 
random numbers turned out to be 2, 4, 8, 11, 10, 13, 9, 6, 15, 5, ae 9 
12, 3, 7. Variety A is sown:in plots 2, 4, 8, 10 and. 11;: Variety in... 
: 5, 6, 9, 13 and 15 and variety Cin 1, 3,7,12 and 14.0 0 
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5.3. STATISTICAL ANALYsIS*. oo eae 

The statistical analysis of this design is rather easy. As a first | 
| step, it requires. the tabulation of yield data under each. treatment, which - - 
: is reported'-in. Table.5.2..... 0 | er a a yee 


7 "Ww on.8? ; eh a 

? > oe a.- oan 1.08 Se 
ssP eis ee sane 8. 

Se Ak Ap ty FY std its) 
Freie ASSET Es Area’ 


a= 


a si 
. az ¢ - Ad 


a 


| TABLE 5.2 | wan 
“Yel dt for the varieties of ce nk per plot 


the sy Syrtee. 
YS ge: od 
ee Wh [Pete 


% ome. 
Sai Ce th 


apts 4 
barat; 








Lace Peeper ot Variety es. + ter ete | Bagh aia 


-— © —ne * ; - 








lee ; 
*.* - " 
by ° Le 4 oy 8 pee! ' re : : ; we . a : 
re a rr Te . ‘ , A) 
nn pe PE EE RT a 


-Potal field 45° 58,0, 35 Grand Total (T) = 135° 


Mean” | 9 11 7 ‘Grand Mean (GM). =9,. . 


| 
! 





5 4 

He 
La 
4 


eo 
nn 7 TUT nts elie! 


cote RS Ue 1 Te 
, one = The. 


a. 
Pe 


Pa 
i 
ad 
Kya 


wee" , .. COMPLETELY RANDOMIZED DESIGN: (co) of * Ae 
RA. 


Ma oe 
pr 

ee 

Hee 


bie 












ia The following are the various steps for statistical analysis of data:— 

q a : Step 1 _—Compute: | 7 “ 
ep vaio wus 
4 iF : T, = 45, Tr = 55, T3= 35. 
ee ? i Grand total: | : 7 

Aa T= T, ry + Ty = = 45 + 55 5 +3 35 = = 135. 

2] A - Grand mean: , see | ae 

f : | ~GM ~H7 = 135 = 9, where N= total aumber of observations: 


* Step Z. “_Gotrection factor (cP: 


| -o , Tr (135)? _ 
. si : ve 1s 


be a = : 


= 1215. 


Jo patelat 
Sot, > 


Sieg: 3 —Total Sum. of Squares 50): : 
SSQ, = (7* + 10? + 8° + + 68 + = cr. 
= 1343 — 1215 = == - 128, | : 
Step 4. Seen: of Squares Between Treatments (Varieties) (SSQ,): 
SSQ, RES eae a 
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4 GF tins = “Number of replications | 


yale le 


i OE for -each | ; Variety) 
i = aeege c= ~ 1215 : 


— 1255 — 1215 = 40. _ ee oe" 


"Step 5. —Error Sum of Squares (68Q): 
— -SSQ, = SSQ, — SSQ, = 128 — 40 = = 88. 


_ Step 6 Finally set cup the analysis of variance table a as , Table 5. ? | 


5, 4 Test OF SioNIICANCE FOR “Treanant Comparisons 


he the shows Analysis oF” Sieikinoe table, the component of vatia- 
bility listed under. error component is a reflection of pure random 
effects while the component listed under the treatment: source is: actually 





a sum of two effects, viz., the effect of treatment differences and the 
i fa effect of random factors * If now, we make. the - Null Hypothesis erat 
ie :- 3 7 * This has Seen n explained i in’ ‘the Previous chapter on. Analysis or Variance, 
- fe p. 95 : ab nee 


£44 DESIGN AND ANALYSIS OF FIELD. EXPERIMENTS oo a 
| TABLE 5.300 att al? ae 
ANOVA table for data of T able 5.1 ae A 
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+ te N Number of treatments; Sa ‘Number of replications for each treatment. 4 | 


D, ees. 
ent effects are alll Zero ( é., , the treatment means aré all equa | 
he treatment treatment ’ component of the variability should at sm 

. to the error component, in which case each, in its own way, a , 
independent estimate of random effects under the above Null-Hypot ; 
The moma of the variances can 1 be tested PY the F-test.. 





For our. example, 


Say armas in tae aks a Se oe 
Spe RB e208 oe. he ng | ae 


this | “observed value ‘of iss 241318: well within. the Table | 
m of ‘ = 3: 89 i value) for 2 and 12 -df, it may be. concluded - 








, 8 
i, 


-GoseueraLy RANDOMIZED DESIGN x (oxo) 


| er 
that the variety means are not statistically significant f from one : ano : 
except. for random | fluctuations. pare a ee ee ee “ ' 


5. oR "ADVANTAGES “AND DISADVANTAGES OF Comte 
ee ~ RANDOMIZED ‘DESIGN ey fe + 


‘iiuaiaiiae Lat This design is completely flexible is any uit : hye 


of treatments and replications for. each treatment may. be used. . 


- (2) Statistical analysis is. easy and. straightforward.”. Eyen in be — ae 
case of one or more ‘missing, values: in Ble, the — is not very: ie a 


complicated. | 


3) The layout of the eet in. the field j iS  wloabie, “only sandom Bae et 


allocation of treatments should be strictly adhered to. 


4 The number of degrees of freedom f for estimating experimental aon 
error is maximum... Pet ec eae ee 


Disadvantages. “4 Since” the: esta: presumes “he” homogeneity 290F 


of experimental units (e.g., plots or animals, etc.) this design may - not 


large. 


. . be. efficient, when the number of treatments and Teplice is. fay ons ot 


@. Since the randomization is rer ‘the. error “component i. | 
inihudes” all the variations’ among experimental units. . This, : 
a turn, may fail to detect treatment differerices of smaller magnitudes. 


‘Points to remember —(1) A Completely Randomized Design may be. 
ised’ only when one is fairly satisfied with the’ homogeneity. of — | 
mental units (plots, animals, etc.). 


(2) The allocation of the treatments ‘to different éaperimental ; 
units should be done strictly at random. This alone provicee a 7 
estimate of error and a: valid test of significance. | 


~). Even. though one can use different number of replications for’ 
- different treatments, one should not take this advantage indiscriminately, . 
- unless. one has special reason to replicate different treatments at different 


number. of times. Otherwise this. sometimes affects the. relative ‘Pres - 


cis on with which the treatment, means, are estimated, . 


<8. 6. LINEAR Mobst* - 


The -ANOWA table: given on Page 144 for Completely Bando mized | 
‘Design, indicatés two sources of variations, viz., one source due to 
treatment effects and-the other due to experimental error source, The 
basis for such an analysis is a direct outcome of an underlying linear 
model assumed to hold good and is, in fact, a characteristic of this 
design, The underlying linear model is. based on the- assumption that 
every observed. value in a plot 1S the sum of -three components, viz., 


* Though the population aivciel involves Senalitios parameters, the discus- 


sion of the model is in terms of their sample estimates for convenience of heuristic | 
discussion. | 


10° 
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the general mean, a particular treatment effect and. the effect of ~. jigs 
extraneous sources of variation operating in that particular plot. ‘That 47g :gas 


- is, 


a © es ca General Treatment\ . f/Error\ | “anv 
Any observ — ) oe eae | pon enema: 


Symbolically, | ae Bo iki 
Ye Stat ey cet PASI: 
where, . _ oe o eae Semin 


~~ j 
! 


=. +..ge = overall general mean, — 


Ty = treatment effect of i treatment, 0 


-€ = effect of: experimental error inj” plot receiving js 


The above linear model, in fact, represents the situation for the popula. — 


Yaz = Observation, made on j* plot, receiving eatment, rig 










tion values (i.e., parameters) for the general mean yw, treatment eflegp = 


r,. Since the population parameters are never known to us, their ‘ best>- 


_2 


estimates are given by the respective sample values, the sample being 


the sainple. of ‘observations obtained from an experiment for each 


treatment: _ For 


this purpose; the. particular sample of observations — 


in an experiment may be conceived of one set from. among an infiilitely it 


large number of similar experiments. The corresponding linear Mode, 


for the sample will then become: 


Dig ey thy ye 


\ . . 
eee a ce ‘ 1 a ea gh oP 5S ‘ 
ot tS ‘ ‘ 7 ‘ ; . 6 4 
. >, -< . 
; 7 ‘ e 
‘ w Ar oot te. ‘ . 


in which the general mean 4 is estimated by the sample grand mean 
y and the ¢rue value for treatment. effect 7, for the i treatment by the 


. sample treatment effect from the sample, viz., t; =Qy —Y). 


~The reader will immediately recognize that this is’ precisely the. set 


type of linear model assumed for one-way analysis given on page 95 


Since enough has been said there to explain how these effects are define _ , 


in a particular way, no further explanation is necessary at this stg 


except to emphasize that it is this linear model: which enables -us { ; 


¢ 
~ 


“Ps 


partition the’ total variability into two components, 


' 
Ls ea 

eqs ‘y 
! . ‘* 


RANDOMIZED COMPLETE BLOCK FORMATION = 


aa = . In any experiment, for instance, a varietal trial or a treatment 
aa 1, the main purpose of the experiment to be designed would be to 
_ detect the differences among the varieties or treatments. This assume®, . 
as.an obvious prerequisite that the experimental units, such as ‘plots ~ 
Or animals, be.as alike as possible so that differences observed in 
responses, such as yield in varietal. trial, could be attributable 
to the varietal or treatment differences, But more often than not, 
this condition is not realised to a satisfactory. degree in practice due to 


heterogeneity present in experimental units... In a field experiment, - ve 


for instance, a big piece of land might be quite heterogeneous fe rding 
soil fertility, moisture content, salinity, etc., so that experimental plots 
marked on this land would differ widely among themselves, though’ plots 
nearer to each other. would be more alike or homogeneous than the 
plots scattered distant apart; also in the case of animal experiments, — 
animals forming the experimental. units: might be. heterogeneous 
regarding their ages, weights, genetic composition, etc. With such ¢x- 
perimental units in the experiment, the variability producedin the - 
observations will be comparatively high so that only large treatment — 
differences are’ detectable, since small * differences aré: obscured by ~ 
large error variability. ey ge 
The aim of the present chapter is to present one simple design called 
“Randomised Complete Block Design” (RCBD).whose main objective 
is either’ to control,- remove or reduce the variability due to. hetero- | 
geneity in the experimental ‘material, which is quite irrelevant-for tréat- > 
_ ment. comparisons. ‘In ‘Completely Randomized Design (CRD), the 
error. variability as estimated from the residual sum of squares will ~ 
be considerably high. The RCBD is a device introduced in this design 
for separating out ‘the variability due to heterogeneity . among experi- 
mental units from_ the -variability. due to all extraneous sources, thus © 
- purifying” the latter in one sense. This deisgn is perhaps the most _ 
widely used design. of allexperimental designs, mainly for its simplicity, © 
flexibility and. validity. ent ee Oe re : 


|. 6.2, THE PRINCIPLE OF BLOCK: FORMATION. > 


Fn this design the experimental material 1s divided into separate 
homogeneous groups called blocks, For instance, in a field test, the 
land on which the trial is to be carried out may be divided into a number: ; 
‘of homogeneous blocks of land,-each block containing plots or experi- 
mental units as. homogeneous as. possible;\ or im an animal 
experiment, the animals are. grouped into a number of homogeneous 
blocks of animals, each block containing animals (called plots for gene- — 
rality) which are as alike as possible with respect to any ‘character 
--guch as weight, age, etc., whichever character 18 the'main source of 


we. ’ 


~  < ees we 


! 
{ 
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heterogeneity in that experiment, Further each block consists of _— fy 
Or experimental units exactly as many in number as there are treatments. 

» for instance, there are ‘t’ teratments for comparisons, t acy 
exactly be ‘ t’ plots (i.e,. ‘t’ plots of land or ‘ ¢’ animals) in each block. 


here will ae Wa oe 
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Each block, at the same time, may be viewed as a complete replication, Auge 


since all the treatments ar. tried once in each block, T 


hus one can aid 


think of as many blocks as there are to be replications. ‘In other’ Words, - i 4 


‘ ° ‘ ‘ . . 6 3 
if there are ‘¢’ treatments for comparisons and if one decides on I - 


replications, there will be ‘1’ blocks with ‘ ¢’ plots in each block giving : ae 


. altogether a total of ‘ tr’ plots. The only requitemen ‘essent 
in the formation of blocks, is that within each block, ‘the sr tig | 
units. should be as homogeneous as possible and at the'same time ae 
blocks be as heterogeneous as possible between one another. By this | to | 
can increase the efficiency of the design to as high a: degree as Possty &. 
This is to be so, ‘because “the gain in- efficiency of .a— randomized 
complete block experiment over a completely randomized © : 
Is largely due to the fact that plots within. a. replication tend to be 
More similar. than plots scattered over an entire area of land.. Thus: 1n.. 
the randomized .complete block . experiment. t litlerences 
soil fertility that occur: between the replications may be removed.” - 


___. In practice, however, no piece of land is perfectly homogeneous in : 
_ fertility, or is it possible to divide the whole land-into ‘blocks * which . — 
are homogenéous in the ideal setise. But to the extent the heterogeneity ~~ 


is reduced and homogeneity achieved within the blocks, greater will 


be the efficiency of the design. . If; for instance, the fertility gradient <4 
runs from North to South or West to East the formation of the blocks ae 
should be in the direction at. right angles-to the direction of maximum eo 


variation as shown in Fig. 6.1.° 
“0. RERTTLITY GRADIENT 
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The formation of blocks this way’ would ensure that the blocks _ 


would be different from one another, while the fertility level within 


each block would be more. or less homogeneous. Though’ the shape — 
of the block is decided by many factors like fertility map,. etc.,:as a_ 


eneral point-of guidance. it may be mentioned that a square block 
would generally ensure removal of as much variability as possible bet- 


d: experiment __ 


he major differences in 





t, the essential one. ... 
ba il 


—™ 


ee ee 
| Casas 
wn © Cem: reel - 





ween blocks due to variations in soil fertility.. The formation of the. 


plots should ensure. that. they be as alike as possible ‘to: achieve 


_# LeClerg, E. L., Field Plot Technique, P, 137, 
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homogeneity among ‘the: plots. | Generally for blocks in which fertility ~~. — . 


Pa ae ee he reers , jent ~ 
gradient varies in, one. direction, say West to East, it would be efficie 


- 


to form plots across the blocks in ‘the form of long and narrow Bees oe 


This wili ensure that the average fertility obtaining in each plot re . 
a block would be the'same. A good account .of the- formation ae eee: 
blocks and plots regarding its size, shape and number of replicati 


_ is discussed in books by Panse and Sukhatme,™ Salmon and “Hanson. = 


and Federer? with special reference to statistical and agronomic aspec!s: oa 


_ The treatments are all allocated at random within, each block. 


lots or with the, 


The ‘randomization is carried out either by drawing 


help. of Random Numbers table, ‘This afrangement of allocating, te < 
treatments at random within each block should be repeated for evely 


block, and each time the allocation of treatments is made, a fresh Set. 


of random numbers should be drawn. This ensures that any. — _ 
cular treatment has an equal chance: of being tested in any parlith’” 
- Plot in a block and is-true for every block.- 
~oyo8 Ae typical plan of a randomized block trial with ee — . 
cated at random. within each block and the yield response tor each » © 
treatment are given in the following example, 
Example.—Six Indo-Japanica varieties of paddy were tested for ae 
their yield-response. capacity in Mangalore Paddy Breeding ee 
during the: year 1966-67. The design adapted was a ee , 
Complete Block Design and the varieties tested were: t,=6379, to= 6380, 
- t3=6279, t,=6297, ts=MGL-5, tz=PTB-10: - ee goa 
ot The suggested field plan of the experiment along with the yield 
_ in kg//plot is given below. — rams ae ses 


ee 


TABLE 6:1) ee; 
. > Field plan for a RCBD with four replications . 


sci a aig eg ec Ae EET AL 


ea ee Pee tp > tet,» Block 1» 
DP heme Le gre | ae ae __ oF 
1198)" © (7-81) (10-02) (7-39) (8-89) (11-03) “Rep 1 





Ee tg te te ty Block Tl 


(14-58). (954) (11-30) (10-81) G-21) © (5-72) Rep 1 








Mes te te oa? - a Block MM 
(10:02) (12:24) (5-86) (7-01) (10-96) (14-66) Rep Il 
6: 52), (2-25). (8-21) (10:43). 9 89) 7 (8-70) ‘Rep ‘Wv 


* Figures in brackets give treatment yields in kg. per plot. 
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(66.4. STATISTICAL TREATMENT or DATA’ 


The statistical treatment of data for RCBD consists: of» ‘three a 
simple stages. . 


- (a) Tabulation of data (Step 1). 


‘(b) Analyzing the variability into different components (te 2. | ae q | 
through 8); | ar 


. 1? 

(c) Testing for significance and treatment comparisons | a en: 

). | ta 
‘Step 1.—For the. purpose of snatyaio | it i is necessary to set up data . 


(yieia igures) according to treatments (varieties) and blocks as cae 
shown in Table 6.2. ; | ‘He 


TABLE 6.2 © 
Paddy yield i in kg. [plot 





Treatment Blocks 


Treatment, Variety 4" 
(varieties) | “ 


eer | 


ee a SS cee Se 





oT 





"6379 
6°80" 
6279 


6297 


MGL-5. i tei: 
ee 


Block total | 


"193 2 
1-03 
39. 
8-89 

41-98 11-30 


es Pe tir 


» Step 2: “Compute: 
(a). Block totals: 
 B, = 57-12, By = 57: hia By = 60- 1S, 3 53° 00, 


(b) Treatment totals > 


“3 $92 
9°54 


sa 


14-58 


nea es. 


baie 


14-66 


7-01 


12-24 


ee ee 


- 60-75 * 53-00 


5s De 


9:89 


8-70 ss 


8-21 


6-52. 


503. 
925 


~ 29 “3Ts 
10-02 


at 
» 44°22 


25: 40 


a8: 03.” 


12:29 
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Ty = 49-15, Ty = 43-23, = 29 37, Ty = 36°66, Ty 2 


Ts = 25°40." 


© Grand ‘total: 


oT a9: 15443 23+29. 37/436. 66-+44-22425-40= 228- 03, 
‘tn TB TB TBS) 


 (Cherk: 
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(4) General Mean fo | | 
T 228 -03 a a 
= RG ror 


where, 
r=4(the number of replicates) 


t = 6(the number of varieties) 


Step 3. Correction Factor (CF) : 
we T? __ (228-03)? 
eras ele oe a = 2166: 57, 

(Check : CF = M x T = 9:5012 x 228: 03 = 2166: 31) 





| For computing Total Sum of Squares, square each value in Table. . | 
6.2, find their sum and then | ‘subtract the correction, factor from the : _, 
4G: g6+ ef sa-CF 


Step 4.—Total Sum of Squares (SSQ,).- 


resulting sum. 
$SQ, = [(10-02)? + £ (14. 58)? + 
= 2314: 12 — 2166- 57: = 148. 15. 


Step, 2 —Sum of squats. ‘between blocks or replications , (SSQ): 


$5Q = 
~ (51: 19 + ea 19: + - (60: TPE 4 (33:00) 00) ~21 ve 7 : 


| He _ 2i7-59 2166-51 = 508 
Pio 6. —Sum of Squares Between Veiamess (s8Q); 
_T +1 + Tit +78 Ag, aa Te or a 2a 


* §8Q, = 
Fc 19) “+ 8 23)¢ - s. 3+ G6 66)" + aad 29) + Qs: 40) 
4 
| ‘he Rey? — - 2166" 57 
| = ‘2070: 92 — 1186. 57 = 106- 35. a = 
Step 7, _Error Sum of Squares (S80,) = = (SSO,) on GQ )- (SSQ,) 7 
| S$SQ, = 148: 15— 5-02 — 106- 39 | | ne har 
| = 36°78. tae 4 


- Step 8, —Set up the Analysis of Variance. ‘table as in . table 6. 3, 





152 DESIGN AND ANALYSIS OF FIELD EXPERIMENTS. — 






TABLE 6.3 | 3 
ANOVA for data of Table 6.1. ia 1 











Schematic | 


Source | Degree of Sum of - 
of freedom ~| squares. |~ | 
variability (df) (SS) - 
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—=Vvi |. 4 


| Blocks (Replicates) | = vl SSQk | | s 1 oe: 


-—_— 











| ee eae oy 106-35 | 2be27 ~~ ee? 
Treatments (varie |  ¢1 | SSQr_ eye. tae 


costed | 
“Error g.] (rt) (#1) | $83 |’ ————=Ve | 8x8 f 8 
Sag | AEE LSP tea ead) ah 
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Total. ..| tl - | SSQz 


6.5, TESTS OF SIGNIFICANCE AND TREATMENT COMPARISONS 


‘After the computation ‘of various components of variabilities the 
final stage in the analysis would be to test.for the significance of dif- es 
ferent. treatment comparisons. . Although many types of special com- ae 

“parisons of the treatments can be constructed and tested for, only two -- | 
types .will beconsidered, viz., Cees ee eat 


(1) Over-all significance of treatment effects, 


a" ~ommes AS 
~ ~ 


ie 
bo 
at 
Me 
1 


3 = 
=e 


(2) A pair of any two treatment means. 


(2) Over-all significance - f treatment effects —The Null-Hyp P i 
(six treatment means are the same) can be tested by computing the 
F-value given by: : a 


Vy. 21:27 





ope This value of F is compared with the table value of F for 5 and | f 


F x 4-56 for 1 per cent level of significance for 5 and 15 df. 
F= 2:90 for 5 per cent level of significance for 5 and 15 df = 


Since the observed value of F = 8-68 exceeds 4-56, the result | 
is significant beyond 1 per cent level, and is suggestive that the 


treatment effects are statistically significant, 


~ 
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2) Comparison of all pairs of méans—The methods discussed | erie eae 

Sec. 3.3.1(Ch. 3) may be used to compare all possible pairs’ of means 
among the six treatments leading to 15 pairs ‘of comparisons. T BE le 
two methods are: (a) Least Significant Difference based. on ordinary. = 
t statistic (dsd,) and -(b) Least Significant Difference based -on. Tukey's oe 
test statistic (/sd,). As emphasized earlier, the latter is'a more comser- 
vative test but guarantees a composite risk of a level, while the formet’ 

_ does not guarantee this. With out going into the details of the methods 
here, the least significant differences as per these two tets are: : 


Here MSE = V, =2. ‘45 with 15 df. pr Table 6:3), Lal eg ee 
‘(number of replications), t=2, 131. at oS per cent, Dae arin | 
(Table B Appendix). 7 a 


Usd, = 2-131 a1, / EE oe m 23: 236g /Pot. 8 AE Att onegeg* 


A Table 6. 4 gives ‘the | pair-wise significance | of ‘the erences among ae 
G3) means by. crane t test. ee aay 4 
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| Pair-w wise. _gomparison of, treaiment means. 
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TABLE 6.5 a ne PS 
on Tukey's. test... 
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Comparison of pair-wise means based 





Treatments th tes ty . ta bg 6 


Average yield in kg./plot 12°29 | 11 ‘0 — 


average yield ca,.,; do so by sett 


OF yh pg Pea oy a PE 
ito test the hypothesis ) Pe ae 


aba tat He * ta he - 


“(de., average Yielg of bs. te, t . and ts is the same ds 


which BfOUPS the 6 treatments into two groups of differing yitie Re 

capacities. Use ‘scheffe’s S-method to test for the significah™ Oo. 

type of grouping’ Since such a grouping in this particull® Tye 

periments is Of Jess interest, we leave this as an exticiss 

to proceed with further stéps in the method of testing sit 
6.6. ConTRob Vs, TREATMENTS — 


Experiments’ similar to the one discussed on page 149 enable one — 


to estimate the jejative capacities. of. varieties under indentical set of 


itions. : + to agsenti ! ield of each .. 
conditions. Quite often it is essential to know the mean yield o! € 
variety aS it Stands in comparison with any standard variety.’..Since— 


-such an informatj on will enable us to know the potentiality of each variety 


over the standarg one, the value of an experiment is ‘greatly increased - 


by the inclusion of a standard variety in such trials; or, in a fertiliser 


trial, to Know qifferential response of a variety to varying levels of. 


Nitrogen say 30, 60, 90kg./ha. is. one type of information, no doubt 
useful but quite often the value of this information 18 greatly increased 


by the inclusion oF a control (no fertilizer), since this provides additional 


information ag to the actual increase over the ‘control due to each level , 
of NitrogeD. The mode of analysis ‘and the formulae for SE; will. - 


undergo modifications ‘when comparison between treatments involve 
-acontro. | Re gel a wie 2, SF 


+ we 


Examp le-—The ‘material iS drawn for this example from an experi- | 


ment conducted a+ Agricultural Research Station, Soundatti, in the year 
- 1965-66 to test-the effect of organic and inorganic manures on the yields 
of kharif joway The design adapted was randomized block with 


4 replicates Of 16 plots each. The ten treatments allocated at random 


to each block: were as follows; 
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RANDOMIZED COMPLETE BLOCK FORMATION, = Ms 
Treatments: - . 
(1) Control. | 
(2) Control. "ge BE wef a 
(3) 2,500 lb. FY, M. lacte. 
(4) 5,000 Ib. F.Y.M. Jacre. 8 TRS ee aera 
(5) Equivalent quantity of N.P.K. in 2,500 Ib. F.Y. M. {but nitrogen ees. _ 
applied as Ammonium Sulphate. | ee ee eee 
(6) Same as (5) but nitrogen applied as ‘urea. oo 


(7) Equivalent quantity of N.P.K. in 5,000 lb. of F. Y.M. but et | | 
| nitrogen applied as Ammonium Sulphate, 


(8) Same as (7) but nitrogen. applied as urea. 
(9) 2,500 lb. F-Y. M. + equivalent quantity of |N.P. K. oa 2 a 
F.Y.M, but nitrogen applied. as. Ammonium Sop ° 


(10) Same as 1) but nitrogen applied. as ‘urea. | a 
The: experimental layout and corresponding plot yields are given | 
in Table 6.6, _ Numbers in brackets Fepreseat treatment rarer 


6.6.1. Statistical “Aniatysis « 


— The. analysis involves the. oer, bios f ora RCBD. ‘The sntrodac:' 2 
tion of controls ‘BrOvides, more information, on the performance of: 


TABLE 6. 6. 


38 “Effect of organic and. inorganic: manures on Khari, jowar | 
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fertilizers themselves. The statistical analysis’ may, for convenience, 
be considered in two stages. In the first stage, the total variability.(SSQ,) 
is analyzed into the usual components, viz., Replications, Treatments 
and Error. In the second stage, as.a result.of the introduction ‘of con- 
trols, the variations among treatments (SSQ,) may be further analyzed 
into different components, e.g., between fertilizers, between controls, 
control vs. fertilizers. The analyses of these are provided in the. follow- 
ing steps. 


Step 1.—Tabulate the data as in Table 6.7, 


~ » TABLE 6.7 000 nye! 





Blocks! 7 es Tredt-s?- Treat= 
—____—__—_____—-——. ment ment 


Treatments 








[eS a ee > ee 

ee mae 2°5 ogg 2*0 10-0. 2-50": ; 
ho Be Oe dy e245 4 

37 ak 29 eee. 18 8100." 

33 BL 3-2 34 1320 3-25 


2 

3 

4 

5 

6°. 27 29° 343 Sg 12-0 3-00. 
g 4-4 - 40. 35 OBL 15-0 37S 
Ce ee ae | 


AT 39 45 89 ATO 425 





10-30 4:5 40 45 16-0". 4-00 


Step 2.—Correction Factor (CF):) 


(131-0) ak ve 
Pre NN tine 


CF= = 
Step 3:—Total Sum of Squares (SSQ,):. _ a 
| SSQ, = (2-0)? a (2:7)? a (3-9)? -+(4+5)? — CF 

| 492-36 — 429-03 = 23-33, ne ae 





_ RANDOMIZED COMPLETE BLOCK FORMATION — 
| Step 4.—Sum of Squares due to Treatments (SSQ,;) 


$50, = (9: (9-0)* + (10° ae a+ (16-0) 0)? 


= 446-25 — 429-03 = 17:22. - | 
Step 5.—Sum of Squares due to Replications (SSQ,) . 


Q — 10 
= 429-57 — 429-03 = 0-54. 
_. Step 6.—Error sum of squares (SSQ.) 
a" = SsQ, — So -- SSQ, ms 23° 33 — IT 22 - —. 


SSQ, = _ 4-5)? +... + G12) 2)" =~. ff ete n, cm io 


-ons4= 557: 


This completes the usual ANOVA for RCBD type. "However, “e fue 


the variations observed due to treatment, differences (SSQ,),: may : be 


further analyzed -into different components, viz., Among sed a ge Be ee 
Between Controls, and Control vs, Treatments. The steps involv ponies ae os 


‘Step 7 Sum of ‘Squares due’ to Fertilizers (SQ)*: 


‘$8Q, = gr toy oF He + (16-0) oF (412) ats 


= 401. 00 — 392: 00 = 9. 00, bates ah Poe. 


Step 2. —Sum. of Squares Between Controls (ie e., variation between 


. the two " Controls) (SSQ)t 


"$80. » 2 Op + 0-09 | | ee = 


: 245. 25 — 45. 13 =01 12. 


_ Step 9 —Sum of Squares due t to  diferen 
and. Control group P SQ a at. | 
| SSQrmne = oe (11250 _ (9: 3.0% ror 
. are 40 
= 437 13 — 429, 03 = 8. 10, 


nces between Fetzer group — 





* The Conectioa Factor for this 
observations: (ignoring Controls) is rot since the. tofa 


+ Notice that the Correction F 
actor is 
all the 8 observations under contr Ol is 19: 00. he ts case - The. total: > 
r accord ly for 
t Notice the Contec nel “hange 
treatment “totals ion Factor and different divisor associat a 
Se hike respective 


Notice the te fort - all the 32. treatment a 
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Step 10,—Set up the ANOVA table as in Table 6.8. 


TABLE 6. 8 


Complete ANOVA table for data in Table 6. 6 ye ba 
Sot rce df ~ SS . MSS Fuatio  f 


Replications-§ 3 O54 °° O18 =: 





(a) Betw eg EG ep + 2 TF 
a) Between : | a ae ee tae a 
Fertilizers 7 3 - 9:00 . 7 1-29 aa am : 6-26* . 


Controls 1... O27 . O12 - a <1 : 


(c) Fertilizers | eg ae a ee: ae ee a 
vs. Conte)” 27505 ST eS ORD ce 489° 82F 


Total BB sae coal 








7 "Significant at 5 per cent level. at; ‘Significant at j per. cent level. 


T ests of significance. > Nratous. tests of si ignificance | may - "be: per- : 
formed by comparing each mean sum of squares with the error mean ~ 
square. ‘The values in the last column: .of Table 6.8: show: (1) there 
are significant differences among fertilizers, (2) the application: of ferti- 
lizer results in a significant increase in mean yield in ee with : 


the Control. 


_ Standard Errors: The standard. errors for comparing any fertiliser 
mean with the Control and for comparing any~two fertilizer means  § “! 
will have to be appropriately, computed byt oe. use, of the formula 0 ae 
i 15) even | on page 355 the ae being ied wee sheet 


pay ; ‘. ‘ . : 7 ee, 


ae | where SE, = SE of the difference iia two means. s = Error. 
“Mean Square, nm, and .n, are the number. of replications. Ps different 
teat 





eel 
749 < 
~ = 
_ 


4, . 
Sas onah 


“x 
> 
at 





24M, 

ss Ge 

=. ~sit="s 
aes 
a 


™ 
Shs, 
Pt) Ea SO, 
pant ee 


On ee kk 


27> = +--+ 
SS 
ie eo ee 
“+ meee oO cee oon 
— == -—— 
3 


Meare 
. °° ae. 


~* SDYRE AES ede 
= -$ o-+** De Res 


nf Wl ~ _ (a) For our i example, the SE ‘of the difference between - -any two 
fertilizer means is given by = | 


fee ‘SE. = VOMEFD 21 ( + %)= 0: 32, 





| | | | 159 
RANDOMIZED COMPESre BLOCK FORMATION % 4 & 


‘any two 
The least significant difference (Isd) at 5 per cent level for — ae 
fertilizer means to be different is given by | . 4 


lsd, = SE, X hog (27 df) 
= 0°32 x 2-052 ( from Appendix B). 
| = 0°66 kg. [plot. 
Table 6.9 shows the si ie of the differences 5, betwee 
pairs or fertilizer. means. —_ ‘ 
“TABLE 6: | nd 


| _ Average vieldjpit arranged i in decreasing order 
. (Controls ignored). | 





Treatment No. 9 10 7 4oae 8: me, Th, 
Fatt 5 


{: _e : : 


Average ye oe 25, 4-00. 4-00. 3° 153-25. 3: 00, 3 00 





: b) The.’ SE of the difference between “Control mean an and any . 
Fertilizer mean is given by: , : 


SE, = V0: ETD = 0-28. ed a ae ce: 


Note. —The Fertilizer mean.is based. on 1, =4 observations, while cat of a a Control | eA 
on ty = 8 observations. (2° 38. kg./plot.) | a ioc? ake Phe 


— 


‘The least significance difference at 5 per cent- level for any 
fertilizer mean to be different from the Control mean is een by ot 


sd, = = SE, x tos (27 df) | 
ce = 0: 28 x 2° "052 = 0: 58 kg. Iplot.- | | 
This means ‘that fertilizers having mean yield’ greater than a (2+ 38° 


+ 0: pe: or. 2: ‘96 ae plot are ean ee: anthers from the Control: : 
mean. 


6.6: 2. ‘Dunnett Test: Comparison of Brey Treatment | Mean with me 


a Control. 


“As a prelude to ‘the previous ‘example, it was ‘pointed out there 


that inserting a control treatment or a standard treatment about. 
which much is known, the value of information would be greatly en- 


hanced, especially concerning the behaviour of new treatments, such 
as a new variety in a variety trial. In such experiments a special kind 
of problem of testing arises, especially when the F-tests in the ANOVA 


table are found to be significant—the problem is one of ass 
- determined level of risk of concluding falsely any Geena eeiece 


as significantly different, when in fact it is not so, from control: and 


this ee risk being s same for all comparisons to be made. viz., 








e -_ ee ee 
' 


every treatment with the same control. However the previous t-method 


In fact with many treatments involved, the risk may also: increase 


_— -- pao 


ments) ae ee | ae _ 
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Suggested does not guarantee that such risks would remain the same. 


considerably, 


Dunnett? made special study of such problems and has proposed — z “i 


a test which is fairly simple in its application. The step-wise method © 


is the same as t-method we have earlier indicated, except that we use a. “4 alg 


special value for ¢ instead of ordinary .t-value in computing, say, the 
least significance difference. If we denote Dunnett’s t by D,, the test. 


procedure is as follows for a two-tail test, which tests whether the treat- _- 7.3. ‘wl : 


ment mean is significantly different from: the control mean. 


‘Step 1.—Compute the usval standard error of the difference (SD,) 
between control and treatment means by the use of the formula: 


safes. 
bok 





where s? is the Error Mean Square in ANOVA table with v df and’ = "94 


r., Y,.are the numbers of replications for control and treatment respec- 
tively. Notice if all treatments have the same number of replications | ~ 
r,, which is generally the case .ia most of the experiments, we have to 
compute SE, only once forall treatment comparisons with:the control. ; 
This ensures equality of precisions in comparisons also.* °° * 9% | 


- For our example, 2 


Ve 


; s = V; =0 21 with:2 7 df, r, = 8, r, = 4 (same for -all treat- ia 


SO that, 


exist between control and a treatment mean to be significant statisti- — 
cally at .« per cent-leyel (Isd,).. eae si a sees. 


©. wre have, isd: = 'D,SE, where, Isd, is Dunnett’s least’ significance 
- difference, D, = Dunnett’s' t-value from Table G (Appendix) for’ v df 


This value is obtained against v.df in the column appropriate to the : 


number of treatments to be compared with Control, excluding ‘Control. 


°° Tn our example, ae 


Isd, = 2°84 X 0-28 =0-8009 


* s 


See Step 3,, para 2. 


‘SEj-= Joa + j= 0:28, (same. as before as on p. 159). : . “an ; 
Step 2.--Compute Dunnett’s least significance difference that should” 


4? 
. 
j © ‘ 
. . 4 * Hh St a: . 
won Soe r the + : : 
+ Tee” . é ae 24s hs 
ater es eb OS eps 
>. Sess. Sale, wime 42h: ‘2h s: 
- See, PSAs AP 









ae t = 
Sk 


treatments involved excluding the Control. = 05). 0 ore 
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_ Step 3.—Since Control mean is 2-38 kg.[plot, every treatment Whose’ 0 os 
mean value is greater than (2-38 + 0-80) or 3:18 kg./plot is significanly a 


different from Control. As evident from the mean values of erat —. i A 
reported in Table 6.7, all treatments, excepting treatments (3), (4) ane .... “s 


(6), aré significantly different from Control. The reader may notice 


that the risk involved in making statement about all the eight treatmen™® |” 
simultaneously is still 5 per .cent or less, while: this :may not be the.< See hea 


in ‘applying t-test for 8 pairs (Control. vs.‘treatments). ="-) 02>. 


_ As a point of generality, it may be mentioned. that Dunnett ©. test “4 PoE | 
may be employed whether the basic design is RCBD.or any other ¢ ane Sale 
whatsoever...’ ..Jf the design is more complex‘such as Lattice, itis: wsue ie Fes | 


advisable to keep thé number of replications: same for’ all treatments, 
as they generally are. If, asin CRD, sometimes. different treatments _ 
have different number of replications, still’ Dunnett ‘test can be applied 
but SE, will have to be c 1 for . . even. then 
: ‘the risk is ‘guaranteed at 5 per cent: for all comparisons made... : eo | 


In the previous ‘sections w have discussed about a design (RCBD) ae 
‘which is probably. the: most ‘widely used design. ‘in agricultural “field - 
experiments. However, we did not say anything about the under- 


computed for each such comparisons. Even. then cae ae 


lying. basis—the ‘how’ and ‘why’—for partitioning’ the total: variability . 
into. different components of variation. A curious mind*may, besides 


these, further raise the question whether the. simple treatment means 
- Stand for yield means without any entanglement with a specific block 
effect. In this section we propose. to consider these aspects. <> 


i From the ANOVA 7 able 6.3: it may be noticed that for a Rando- . 


mized Complete Block Design, there are three components of 


variations, viz., due to replications (blocks), treatments and extraneous 
factors. The basis for justifying such partitions is the assumption of. 
an underlying linear model—a simple additive model—based: on the 
assumption that every observation in the experiment is’.a-result of three 

sources of variations, viz., the specific treatment effect (iie., ‘variety 
effect, say), the block (i.e., fertility) effect.and extraneous factors effect. 
nat “18,70. 20 LaF i ee ee ae | 


“  eGeneral\ \/ Treatment\ Bloci plaid: 
= tlon= ; 7 eres Seer 3 10CK as Error\ . 
ea ee cA ean )+( effect) + (effect) po id 

* Symbolically, y,; =p +7, 4+ 8 + €;, . Re 7 : - ° : (6.1) | 
A se Mn ct, ies EE Se Ee 

Vy = cbservations made in the plot. receiving ith, treat, nt 
a In the j-th block (i.e., j-th replication), — s Witeces 
B= general mean 


i, 





"Though the population model involves population eet ae 
si aS nd shes . . parameters, -the disc 

sion of the.model. is in terms of their sample estimates: for convenience of henuwe 
discussion. -- po tng TENGRIECE Of heuristic 


ly 


— 
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T, = true effect of i-th treatment, | 
8, = true effect of i-th block, i 7 vO 
€, = error/effect due to extraneous factors. 


__ In the above model, the symbols stand for the true values for = | 
Population, which are never known to us and whose values are - ‘ 

estimated from a sample ‘of observations in an experiment. y cae 

any experiment may be conceived as one sample from among 4 i , 
number (i.c., a population of) of such experiments. The param an 

values for u, 7, and B, are estimated from the corresponding samp 


Values, viz., j.. #, and b,. The linear model for the sample will then 
- become | , | | 


wWePtythtey = ee OY 

where, | a se. 

. Yy = observation in plot receiving i-th treatmert in j-th block, — 
y. = sample mean) (Grand mean), - oe” 
t, = the treatment effect due to j-th treatment in the sample, | 
b, =the effect of jth block, 
ex, — the error effect in the plot receiving i-th treatment in 

j-th block (ie., Replication) oe 


The reader will recognize that a precisely ‘similar model: was as-- 


sumed for two-way analysis of variance discussed on page 105 of Ch. 32. 


In fact, the Blocks would correspond to Seasons and Varieties to 
Treatments. Thé estimates of te effects for Model 6.2 are, as usual, 
given by: a re - ee peat 
where y;. is the mean for the i-th treatment over all blocks, 

b, = G4 — J): | Fe OP es FR a PE 
where j., is the mean for j-th block over all treatments and .. 


e, = Vas =) — yj + Ys, | 


Some of these points will be made clear from the following set of 


observations given in Table 6.9 for three varieties V,, V2, V; of a crop 


fested in a randomised block design with four replications. Since the 


reader is already familiar with the concepts like treatment effects, etc., 
discussed .in detail in Ch. 3, we do not propose to. go into, the details 
of their computation. The treatment and the block effects fcr the data 


* The reader may note that a notation like };. and j.; to indicate the means for 
j-th {reatment and j-th: block will be very convenient. ~ Here the use of a dot stands 


for the meaning that the values of yj; are summed over the variable suppressed by 
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Xe ; ; Me fe ae, 
=~ © fe ‘ Pe sabe : - go a ts% i. - : 
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A ° 2% tec: Fey ay ete 2 it 
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of Table 6.9 are reported in the marginal column and marginal row 
of Table 6.9. | 


- TABLE 6.9 
Yield data of 3 varieties of Bajra 


Blocks . ' Varieties 
Treatments —————__$_$_$_$___ 
a 2 3. 4 Total Mean Effect 
ee ere 
Vi « 6.5 4 8 6 24 6  -l 
Vw F 6% © 5 28 7 0 
V, « 8 5° 10 9 32 8 +1 
Total ..° 21 15 24 24 84 7 





Block mean.. 7 5 8 8 Grand Grand 
—_—_—_—_—__—____________—— total . meant 
Effect - 0 =2 41 414 (M. . G) 


. tee ‘ ; | : a 


The reader may see the similarities between Table 6.9 and 
Table 3.5 reported in Ch. 3: The.mode of statistical analysis, viz., 
partitioning the total variability into different components (Treatment 
Blocks, Error) is also exactly the same, except that mstead of Seasons: 
there, we have Blocks here. . ; | | 


Having understood the. basis underlying ‘ why” and ‘how’ we 
partition the total variability into different components, it ‘remains 
for us to see that the simple arithmetical means stand for yield means . 
without entanglement with specific block effect. This can be seen by 


remembering that each observation is made up of three components— 
varietal effect, block effect and error effect. The varietal total.24 for » 


V, not only contains the contributions due to this variety effect but also 
the effects from all the blocks. Since one observation is drawn from 
each block, the sum of the block effects is invariably zero as the effects 
(that is, block effects given in last row of the margin) add to zero, 
thus, in this design the block effects and the treatment effects are 
orthogonal. So “te ae * 


-6.8. ERRICIENCY, 


In Ch. 4 we have read that the precision of an experiment increases 
with reduction in the error. variance dve to extraneous factors. 
This concept can -be: utilised to measure the relative efficiency of one 
design: cver another, when the error variances of the two designs are. 
available. If, for instance, E, (RB) is the error variance.of RCBD 
and E,(CR) is the error variance for CRD*, then the efficiency of RCBD © 
over CRD can be measured in terms of these two variances, -Since 


if 


{ 


® - 
‘ . ; 
, 
_ . wee, aut ¥ 
, ‘ , be. + 
gi ek sah: «tied 
ooh 03 fry lag Me ms i 
. . 6 « ‘ 7 . e Jatt "y ’ 
; . . ° pe aA! ~ yu! $ 
. ~ eo > ' ‘ . ; - im 
"*. = ty ‘ 
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variances: “also | aes 


vith ‘these yo: errot Vv 3 
wi e the’ relative ‘effi a 


the ‘degrédés of freedom ass elated 
formula to measur’ EM 
to considera- ee 


bear ‘an effect on their values, any a 
should also take this factor iD ee 
the _telatiye ee ec es 


ciency of RCBD over CRD 


tion Fisher has developed such a; ‘formula to acing 


baie ot RCBD over ~_ The formula iss 
2 a a 


E, (CR) (1, + 1) (na +3) + 3) . x 100. 


Percentage Relative Efficiency = E (RB) (ma. ae 1 (" +; m +3). 
: “6 2 


where, 2 Poet ee tie se | : oe thy Beh ae ae! 
—«&z, (CR) = Error Mean. “square for: CRD, | 7" a Pe : 2 « 


i : E, (RB) Error. ‘Mean ‘Square. for RCBD, Toarrer 
no = Degrees “OF: ‘freedom associated | with E, (Ro), 


| = Degrees of freeodm associated with” ‘z, (CR). 


In this formula, we ‘know ihe error ‘vari | 
experimental: observations, while E, “(CR).is ‘unknown (since CRD is. 
not used) a and will have | to "be estimated from 


tions. | : pee 
A fornia for estimating 


= 


Cochran. and ¢ Cox as: : 


- CRD been used) is ‘given by 
_E, (cB) =n te Se re oe 4 oo Soe 
| el as ral: mn or a Pet thal iva, seg 1 
, - where, a | 7 ne Poa “Ethel work : ef 
: B= Block mean sum of squares, ion ee deo ha She MS 
ee iB = Error, mean. sum of squares, - ~ = Ae ee aa 


e ‘degrees: of freedom. respectively associated with : | 


ngs Ny; aiid’ nate: the 
d error mean squares in RCBD. Bak 


blocks, treatment. an 
- Applying. the above formula to the data of Table: 6. 1 we: have 


(3) (1-62). + (5 £15) 2 
“E, (CR) = Ee =2 35. oe fr a | 


Fr om. ‘formula. 6: 3, the 6 Petoentag relative efciency of RED « over . 


“CRD is, Mocite = 
Pama 5 35) (1s + 1) (18 4 3)" 
a= ae 45) (18 FISTS,” 100 


= 97: per ‘cent, ‘ | 
a Note. —ita * = = Block ar r+ Error: fi in” Y REBD) 


- 
oe - ” 
‘_ 


: That is, the error variance a to extranéon 

us factors 
if ‘CRD were used with the same > number of replications i would have résulted 
of RCBD. er similar conditions 


- 


ance for RCBD ftom tie 4 


the. a observa- in e 


this aioe ‘fiat would. have ‘resulted had Co et 
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In this example it has ‘turned out that: -RCBD is 97 if ; f00 


efficient iver pe UE 
compared to CRD, ie. the infcrmation g Bs used 1m . ne or 


replications in RCBD is obtainable from only 97 replication 

CRD: -The reason for lower efficiency of RCBD is probably due * a | 
failure of the blocks to control an appreciable amount, bas varia 

due to soil fertility. ecru, We 


6.9. MissiNo VALUE EE de SiC Se 
a few , chservar ne aa 
like improPel: Ns 


Quite often in agricultural experiments there may be 
tions missing. in an experiment due to various reasons, lid ate 
germination, bird damage, etc. Such missing » ‘values would :inva 
the usual proceduré of analysis. discussed in previ 
—— Instead of discarding the entire “experiment — 
analysis may be: still carried out by.'plugging me 
Thos nthe ‘observations. based on the observations already. made. 

ou e revise e Joss..0 

& ‘d analysis results: in: som on is that the. Joss ‘is. 


‘of the main adv k Desi pil Ee 
antages. of Randomised Bloc = for the: estimation ee 


small. Procedures have been devised by : Yates 


. See 
.— y i‘ . . . a 
so * y 7 o? 4 -* ‘ 
tk 6' ‘ r. Pe ia 
iy a te ud 


vious sections ‘of this - erate oan 
stimated values for er aeai or a 


sis information, one eee Se 


of one or more missing . observations in a Randgmited F Block Design. 
The. formula for one ‘missing | value’ is: given by: e fe nee 
ee OS 


| 2. ye = “¢stimated -paluie for the missing plot, 1 7 a eo ae ea 


oy = = number of. tt eatments, 


te ne number of: replications, | si aaa 1 es ae A 
fe TS Total of. all the known yields o of the treatment k f with a. 


‘missing. value, 


_ 3 R= the. total of the knowa yields of f block | J with | a missing. paca | 


me . value, os 
a C= total of, all the known observations. 


“After: estimating the missing value’ by” ‘the. use of above formula, # 


the .whole analysis is ‘carried out’ as: ‘usual. However, it is essential to 


remember that the estimated value of y sh ould not be interpreted. as an 


| yield estimate for the plot yield as.if the value‘in that. plot was not miss- 
jng. This ‘value ‘of .y merely facilitates to carry out the analysis. The - 


formula for estimating the: missing value is SO > chosen as to “— _ error. a 


sum of Squares to.a minimum. 


” Since one value has been estimated, ‘the error: at and total af | 


should always be reduced by one, 


~ When. ‘more’ than one ‘sheedliod: 1S . -missing, technicnies are 


“available for their. estimation also.. The reference 32 
gives the  provedare for. F-such situations, | A already. ated 
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6. 9. 1. -Standard Errror in Case of Missing Values 


| Whenever a missing value is estimated in an experiment the. eae 


usual standard error formula does not apply for comparing the difference 


between two means, one of which is the mean with a missing value. "4 
The standard error formula undergoes a change for such a situation and © ;f 


the formula itself being: 


Standard Error = Nia ee r(r—1) oe 1) (t— (t—1) 


where V, = error mean square. variance with one degree « of freedom | 


less. 


6. 10. ADVANTAGES AND ‘DISADVANTAGES OF. _RCBD : 


Advantages.—(1) This design is hi ght flexible. : One ca have 
as many replications, even when experimental - ‘material . is largely 
heterogeneous. This eee: is nena absent in case of . 


CRD 


(2) RCBD helos in. grouping pee penne into. .com- OES 
pact blocks of homogeneous units. This a, to reduce the an “Ae 


‘mental ‘error component. 


Set Rae wage y casualty to the yield i in any. block, icahe, or wholly, 7 


the entire block can be ignored without affecting much the statistical 
evaluation of the remaining data. 7 | 


(4) Since the variability Sbtween blocks. can. ihe ae by statis- 


tical methods, the design has the advantage of having blocks not neces- 3 : 


sarily continguous in their location. 


| - Disadvantages. (1) The design. is useful only shen the dienes | 
of treatments is moderate. It ‘As. less efficient A. the number: of 


. treatments iS fairly large. Sov 
(2) When ‘the “heterogeneity of the “sail acess: in: all directions 7 


this design removes the variability due. to heterogeneity only in ore | 
direction; ‘in which case the design may not prove to be highly a 


— compared to. Latin. Sangre, Design. Ch a 


6. 10. i Points to Remember in RCBD. 


1) Randomised Complete Block Design is to be Steltared to a, 
Completely . Randomized Design when. thete is fertiiity er: or 
variation in one’. direction. | 


(2) Blocks are to be formed at sight angles to the direction of ferti 


lity gradient. If, for. instance, the fertility level changes from. East to. 


West, then blocks must run from North to South. 


| 2 The number of lots in ac block shoul 
numfer of of tregtments; P ae ou “ be: equal to th 


2 . 





_f tl. ) (6 6) 31, Me. 


Sain tt whe vorey 





‘RANDOMIZED COMPLETE BLOCK FORMATION - : ; es 167: 
@ ‘There should be as many blocks as there are replications, re 
(5) Treatment allocation within each block must be. strictly rando- | 


mised and for each block a fresh list of random numbers pails og : ; 
drawn. 


. (©) In case of a missing plot, care _ should be taken’ to 1g cease Fie 


| | one df for each missing plot, both from the total and errcr df. 


(7) While estimating the SE for the difference of. two. means, one. 


ce 
of which involves a missing value, one. should, reniember to use aie ae 


priate modified formula. 
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‘CHAPTER 7 . 
oe “LATIN SQUARE DESIGN N ESD) 


7.1. As a chief feature ‘of ‘Randomized Compleis Block. Bien 
- it-was mentioned (Ch. 6) that formation of blocks was: a nieces. 7 : 
_.. achiéve homogeneity of plots within each block so. that “an irre rites a 
source of variation contributing to the error component. could: e am 
removed for purposes of treatment. comparisons., But quite nee Y3.:..- S| 
IM agricultural experiments, the fertility gradient varies in all directions. 2 
so that the plots within a block’in RCBD could still be heterogeneous. ee 
In order to control or remove ‘this additional source of a we 
can think of extending the concept of ‘blocking’ yet in another =e a = 
tion, orthogonal ‘to the first direction, leading to.a new. design .calle + meee iat 
Latin Square Design (LSD).. In other words, if the blocking | concept — ; 
is one-dimensional in’ RCBD, it ‘is two-dimensional . in Latin. eau 7 8 
Design. As a guiding principle for formation of two-directional bloc i: aa: 
it’ may be stated that each row-block. and each column-block south > 
remove as much variability as is. possible - from total vaslebiity: ‘so. that a 
error component becomes smaller. , A ae. | 


The chief restrictive features of LSD are: 


(i) The number of experimental. ‘plots ‘should’ be a square with aa 
as many columns and rows as there are treatments. crs . 


(2) Every column and ‘every TOW will have all thie treatments tried ona. 
once. The basic assumption . one ‘has to make in LSD is that thetwo ~ 5a 
sources of variability, viz., rows and columns do not interact and act. ae 
independently and additively. of each other. : | , rue 7 
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| The Plan 7. 1 gives a typical Latin Siuire of 5 ‘treatments A RB, B,. | 
C, ‘D, E in its * Standard ° or. “ Reduced form’.* 7 vi 


“ues ioe ane Sete Es Berk 
POT) ae es eae tN ok 
base S he Le sR I Sen eae 8 yeas 
AE ORE ATEN ty] Sn Bt he bias ead ee TEA 


| Plan, . i x5 Latin Square hae oe ia ae 7 4 # 
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*A indank square is sone in in which ‘the first row and. the fr column are . 
ordered alphattialy or numerically as ie gase may be, | 


~~ 


LATIN SQUARE DESIGN (LSD) “ 10. ae ee 
From the diagram, it is evident that each column-block. is - block: Soca 
plete replication of all the 5 treatments and, similarly, each hh aii ee, te 
is also a complete replication of the 5 treatments. Roce ken 





The utility of a LSD. is not restricted to the field of agticu pao ee 
only. It can be employed in various other fields also like fry feeding Reon ae 
periments, market research, etc. As for instance, in a poultry evn eee 


experiment, since the weight and age of the animals .are important... - 


sources of variations, one can choose in the case of, say, 6 ee si oa : 
(six feeding treatments), 6 x 6 = 36..animals, such that, there amt." 


animals of one:agé group, six of.another age group, etc., into six differs?” ee ee eee 
age groups corresponding to. six columns... Similarly, the sare eee. ies 
animals can also be classified ‘into six groups of different weights Cored pig Ree 
ponding to six rows.. Then each of the six feeding patterns will:be tf eas ok ae 
Six times each, under two-way restriction that each feed is tried DS aes get as 
each age group and each weight group. The Latin Square-may UCT 
_ be used to estimate and remove variations due to initial relate se od a 
the weights and ages among the animals, from the total variation = 
resulting in a reduced error variance.. But one should make sure.t oe PA 
the two factors and each with the treatment factor.do mot imteract os. 


(see Sec. 7.4) a oo 

) Though the main advantage of the Latin Square Design lies inthe oo 

fact. that the plots can be grouped into smaller blocks in two distinct ee fay a5 Be 
ways (Columnwise and Rowwise), its: chief disadvantage is. that the ~~~. 
number of plots. required increases soon, as the number of treat- = ~ 
ments increases. Thus for 5 treatments we need’ 25 plots: If the 
number of treatments is 10, twice that.of 5, we need 100 plots, 4 times~ 


CR 57,20 TREATMENT ALLOCATION” 805 600 2 no 


As in the case of any design, it is necessary to assign the treat- -. 
ments to different ‘plots at random, and in LSD, of course, under 
the two testrictions that each treatment. be ‘tried once in -q °°. 
column and once in arow. Under this condition, for 'a-5x5 Latin < . 
_ Square for instance, the number of Latin Squares available is as. ce 
as 161280*; and ° strict randomization ‘requires the ‘selection of one | 
such. square at random and then assigning the letters to ¢t 


the treat 
) a ee | Of 7 
4x4 to 6 X6 is given in Fisher and Yates’ the size 

while only a set of sample squares: for hi 


ments at random. A group of Standard Latin Squares 

pag Jor Statistical Workers ; : 
. gher order‘are provided in the” 
above table, a Ghee OE are Provided in the _ 


i As : simple aide line. the investigator may i Pr a 7 ; : ae 
choose a square at random and then randomise the rnd and ee mee 
_ completely to arrive at a random Latin Square. . Then fin ally th umns 
ments are also allocated at random to the letters32- |” ne eats 


ae Federer, . W. T., Experimental Design, Theory and Application s. 
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7.3, STATISTICAL TREATMENT OF DATA os 


7 | imple stages: 
The statistical treatment of data falls into three simple stag 

(a) Tabulation of data; (b) Analysing ¢ a. 4 

components, (c) application of appropriate tests of er i 


An example: 


A fertilizer trial to determine the P 
Phosphate and Superphosphate over com’. 
yield of wheat was conducted at. Agricu whe design use 
‘ Nargund, during the year 1964-65 RABI season. ) Se 


. jum 
erformance of Ammonll 
trol (no fertilizer) oO the 


a 5x5 Latin Square with the following five treatments: | 
As Control, Bc Mae : ? 
B = Ammonium phosphate 15.kg./acre, 
C = Ammonium phosphate 30 kg,/acre, 
~D = Superphosphate > 15 kg./acre, ° _ 7 
E= Superphosphate 30 kg./acre. 


. : 


_-.30kg. of Nitrogen/acre was given as ‘a_ basal dos 
' plots. Thé field plan and the yield data are given aed Table 7 1. < 


Field plan and yield data for a 5X5 latin Square 
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| LATIN SQUARE. DESIGN ¥ (60) 4 ; wey 
@ Tabulation of Data: - | 


Step 1—As a. first step, construct “yield table for ‘the five ; 
treatments, eel 


TABLE 7.2 | 
= Grain yield per plot - , 











202 | 262 |. 2:30 || 

66 aig | er fob 
“3: eof 10 az | 35s 
(|. 3:00. ; 3. Toe 2d 





Total | “12-44 T gegy | “42:58 | 12: 


| Step 2. “Compute the , following (from Table Ts 71). 


a Row-block “totals by ee ee 
| Ry =10- 24, Ra= =10: 49, Ryle: 29, Rea l6- 69, R =15- 15. | 
(2) Column-block totals: | Saas oe ‘ vs ee, | | 
a= =14- 04, C123 33; cis 12, Cet 15, 5, Gait 2. a 
ee : . (3) ‘Treatment totals: 7 | ‘gee? 
| T; =12: 44, n4 -49, Tet 58, Tei 10, Tei5- 25... 


4 Grand total T:; = Et oe . 
T= Rt Ret Rs +R tRe= 10-244 10-8 414-29, 
+ 16-69 + 15-15 = 66°86. : 
HGHGEGHG HG U0 1258-415 D 
8 13-15 + 12:22 = 66°86.) 
Shen Eno a tHe $2 58 
12-10 + 15-25 = 66-86 
= 66 36 (check. : 


/ . 
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_ Grand Mean: 
acability into different components of variability. Compute Coad 


: Step 4. —Total Sum of. ‘Squares. 85Q): 


; Step 5 —Sum of, Squares Between. ‘Rows “(68Q,): 


a Step 6. —Column ‘Sum of ‘Squares (88Q.): 


- es Step om Treatment Sum of ‘Squares. (88Q): 
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7” 
~ 


4a" aS : 
re ace § ROS PRE 


© Analysing the Total Variability into Different Components: 


tal - 
The following are the computational steps for analysing the total 


Step 3. (1) Correction: Factor (CF 


=F -S 178. 81. 


‘(Check CF=M xT =2: 6144 x 66 36 = 178: 81) ea 


SsQ, = = [(2-02)? + (1°65)? + +6 43))] — CF 
"= 191- 18 — 178-81 = 12-37. baa G 





$59, = siete tices ae? es 


_ (10 24)" us (10: £99 204297 406-0)" + US:19 oe 
(10-24)? + (10-48 = ia, 


‘, we tease 
wgsos, 9. = al. pitas Sef he 
eH fn iiie Pere 
> at £7 ° 


eng. 
~~ 


ote wee ees. 85 og ae 
vi teu ls Py Tate) ve 
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e Sts . ° qeeces 


_ (a 1854 44-178: 81 =6: 63. 
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seat! ee af a ‘= 178-81 ‘ 
= 180 00 — 178 81 #1: 19, wide eee 


| 2 2 
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_3 = 180: po 81 = 158) Hi 7 7 
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| LATIN SQUARE DESIGN (LSD) — 
Step 8.—Error Sum of. Squares (S8Q,)' a | . 
$SQ, = SSQ, — S8Q— SQ -S8Q@2 
= 12-37 — 1-58 — 6-63 — }19 = 2°97. : ie 
Step 9,—Set up ANOVA as in Table 7 2. | 


TABLE 7 2 i a a : i“ Teale oy | : 
. ANOVA table *for data of Table 1. 1 7 


Schematic 





variation 
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table with (¢— 1) (¢— 2) df. a | 

| (3) Any specific linear contrast. corresponding to some hypo- — 

- “thesis may be test meer we: ge 
- §-method, depending upon whether.such a contrast was formed before | 

collection or inspection “of data or afterwards. For instance, if the — 
hypothesis is—there is.no difference between Ammonium phosphate — 

and Superphosphate treatments—the same may be reduced to a-contrast 


174 pesiGn AND ANALYSIS OF FIELD EXPERIMENTS 
(c) Appropriate Tests of Significance | Oy r. 
. : = tart; ‘onificance of the differences 
As in the case of RCBD, the testing of sie) F-tests and (2) Test- 


between treatments can be done by means O 
Ing of Specific Hypothesis. ) 


(1) F-test. — 
there is an. overall 


ite x ad. th ; at 3 
Step 10.—In order to find out whe Mo coat is applied using | 


Significant difference among 5 treatments, | 
the treatment mean square V, and the error mean square Vs 


Thus 
Be 8 an ee 559 for 4 x I2df.. 


- Vz §0:°248 ae 
Table value for F’for 4 and 12 df is 3°26 (alevel). Since the observe 

F = 1-59 is less than the theoretical value of F = 3:26 it Is appropriate 
to conclude. that no treatment differences exist. 


z Testing: of Specific Hypothesis, in a Latin. Square Design 


If the F-test for treatments in ANOVA table turns out to be mae 


ficant, unlike in the ‘present. example, the researcher might be inter gett 


in looking for answers for some specific questions or hypotheses. 
instance, he might be interested in: a : 


. (1). Are. all . treatments ; ‘significantly 
there is: one) ? ee 


This can be tested by the use of Dunnett test discussed on p. 159 


in Ch. 6, by comparing each treatment mean with the control mean. 
The only modification necessary is to use error mean square obtained 
in LSD with (¢— 1) (¢ — 2) df for v. ee ee 
(2) Comparison of all possible pairs of treatment ‘means may be 
accomplished by 


error mean.square MSE, which is now obtained from LSD ANOVA 


» 
- 


be tested, either by the use of ANOVA test or Scheffe’s 


> — Hz = 0. One-would. then use ANOVA test (Sec. 


C= ps T be — bt = ! ) se . | 
3.3.2) if this hypothesis was formed before data inspection, or Scheffe’s — 


ethod if it were formed after data analysis. The reader may refer 


S-m : : 
Sec. 3.3.2 for these tests. The error mean square obtained 


to S 


under LSD is to be used as an estimate of o? with (¢ ~ 1) (t — 2) df. 
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the least significance difference’ tests given in Ch. 3, _ 
Sec, 3.3.1 by the use-of Tukey’s test, with a minor modification for . 
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- LATIN, SQUARE DESIGN (tsp) - es 475 
7.4, LINBAR- MopEL* | | 
By now the reader would be famili wa ee: “jinear 

. WO amiliar with the role of linear. 
re underlying each kind of design. The linear model, in fact, _ 
scares, Precisely ‘when,’ ‘why’ and ‘how’ we should proceed to- 
- yse the total variability contained in an observed set of data. 
hom ANOVA table for Latin Square Design (Table 7.2), we notice 
ry n. total variability is partitioned into four components due to: 

Q column-factor effect (column fertility variations); (2) row-factor . 
ect (row fertility variations); (3) treatment effects and (4) extraneous 
actors producing experimental errors. Pt 
‘The underlying - linear model, defining such effects, is given by: 
(Any observation) = a, oe 
General piean’ fers (Column Treatment) med 
3 fun effect T effect + effect J : \ effect 

Thus every observation which is. a result of these effects may be 
partitioned into their respective components and. their total _contri- : 
butions over the entire experiment may be estimated. Since the frue- 

values for these effects are never known to us, their ‘ best” estimates 

are given by their respective sample values in an experiment. Since. 

we already know the meaning and definitions of these effects from 
the. previous situations, the above equation may be represented Sym-- 
| | Vie = y + r;+ C; +h + Cite. ee 
Yin = an observation made in. plot in i-th row, j-th column, — 


receiving k-th treatment (i=1, 2, 3, 4, 5), (j=1, 2, 3, 4, 5), 
a1 258 at ke ge 


: r. = the effect of i-th row (2.8. effect of i-th row due to fertility — 
| variations); | At to 3 
ag = the effect of j-th column (e.g., effect of j-th column due to . 


fertility variations). 


“4, =the effect of k-th treatment (¢.g., the effect of k-th fertiliser) 
aa — the effect of extraneous factors in plot in i-th row, j-th 
gojumn; ‘receiving k-th treatment. : aire 
The reader might recall our. mentioning in the beginning of ‘this 

chapter that, for Latin s¢ ‘SigMi . 
colums-groups and row-groups, should not only not interact between 

“themselves and neither of them do so with treatments. . This 

‘s because ‘such a provision is not made in the above linear model to. 
analyse for these effects. Any doubt regarding the above. assumptions 
should discourage one in favour of Latin Square Design 

""* ‘Though the population model involves parameters, the- discussion ‘of the 


model is in terms. of. their sample estimates for convenience of heuristic discussions 


y. 


atin Square Designs, the factors chosen to categorize _ 


Contributory. effects from different factors. 


. ee - 
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Col. total 
Col. mean 
Col. effect 


— 


136° ‘DESIGN AND ANALYSIS OF FIELD EXPERIMENTS, © 


— 
~ 






. ; ~ . , Cs kee eee rd vation into. 7 ee? 
The above model permits the breakdown 4 any Ober could. be ‘ : oa a 
demonstrated with the example cited in the previous section, a simpicr ae 
one is chosen. to avoid the cumbersome arithmetical. compu ei 4 mee 
Through this example, it is hoped that the reader will oe ei ee 
appreciate why statisticians. presume some appropriate ener ade eg ae 
partitioning the total variability into different components. 0. * 


_ The following example pertains to grain yield for four varieties © me 
of paddy tried in micro-plots. The yields are all in ounces.per plot. | iy 
Since it was suspected that. an’ all-sided fertility variation exists 10 the tn a 
experimental land, Latin Square Design was employed to.control, 7 jig) 
fertility in two directions. The varieties are designated. as A; B, C,-D eee: 
for the sake of simplicity. i te POSS Re Wig a’ 


~ 


| a | ‘(Yields are: in brackets) = ce a 







ts fl te the eae ee ROW] 
Rows -°| kh 2 pes ek eae ee 


1 ofa |. a 











7 eee 


‘” ‘«-Dhe reader might,’at. first, “wonder ‘how an: effect such 6 1 for Col. 1 i 


‘would not: contain any row effect and any treatment effect, since both vi ase 
__ ‘present in ‘total 44 for that column. : This should be clear, if si Be: rage 
. every column total, one plot comes from each of thé four rows and receives e h of 
the four treatments, so that ‘taking differences “would. cancell such (row - gee, 
ment) effects. This'is referred to as Columns, Treatments and Rows < pF Sane 


; as orthogonal 


to each other. This'is truefor row total.effects.and for treatment effects, * 











tions (14) in the same Column 1, but in Row 2 and the ob 


177 


‘ ° °: -. es id about sa 
--. Table 7.3 is self-explanatory. Since enough has been Sal sid 

the meaning of effect, etc., on. page 95 in’ Ch. 3, the reader —, A 
be able to understand how the effects (Column and Row) are | 


at. The treatment effects are, however, computed in Table tam 


LATIN SQUARE DESIGN (LSD) 


TABLE 7.4 _ % | _ 
A BC | | 


D 
qd) @ ©) (4) 





axe TL 10. 
Place | es | ab 
iS °*4.>6 43" 


to: Cc Ww 


| 915 IO, IR ee , 
Treatment totals. 24. 48.» 36. 52-100 Grand Total 


Treatment mean m  6e. 12 o> £13, 10 = 


Grand Mean | 


Treatment effect § — 4 = 2 at 1 oo ae te Bos a, 








"Having estimated the Column, Row and Treatment effects, error 


component. can..now. be expressed in terms of the variation not. explain- 

able by all of the above three effects. “For instance, the observed value 
receiving. treatment B in Col. (1)..and Row (4) is 15-and deviates..+-5 

units from the. general yield level of 10 ounces. . Of the total variation ~ 
of +5.units, +1 comes ‘from Col. 1 as a Column. effect, +3. units 
from Row 4 as Row effect, so that the total effect of these two is: +4 
units. Since variety B has a contribution of +2 units, we have. the 


- sum total of these three effects as (1+ 3 +2) = 6 units. .Now the 


observed variation is only +5 units, one unit less than thé total of three 


_ effects (Col. 1; Row 4,. and. treatment. _B-effects). Therefore 


‘the effect’ of extraneous factors is easily. comptuted.as.—1., This is 


exactly what the model does. For instance,..the same can. be ex- 
pressed in the following way: am 6 cE Grr et Ae ae 
Ya = 10 + arty ty > Cyan. a = ae. 
2 AS = OFGD+49)4+G94(CD 
where Y142 = the observation (1 5) ‘in Col 1, Row 4, receiving treatment 


B and 10. is the general mean: . 


tt ye 


Thus every observation in Table 7.3 ‘may be expressed eae a 
ie Mee : te 8 | as 0- 
nents of different effects. As second and third examples, the ee, 


- me (I 3) 


_— 
-_————-—. 


and — | : : 7 


a 
A i TT i ee tt tm - 
—---- —_—-——— 
' re eee 
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‘ " . a 
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' ° 
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. Both: these methods lead tothe same thing. However, it is the 


for. such partitions of total variability into ‘different components. - 


geneity of the soil fertility variation in one direction, LSD. does. this © 


“' BRB) = 
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in Column 4 and Row 3, receiving varieties C and D may be expressed * ges ware 
as: - | vier ae | | OH AR 
Viog = 10 +, +12 + bs + Cras 


lL = 10 + (+1) +(-1) (—1) + (42). 


Vasa = 10+ c, + rs + in + C434 7 
13, = 10+ (41) +(40) + (+3) +(-D. 


Squaring and adding each of these effects over all the the observations, eee 
the total. variability 2 (y,;, — j)?-can be partitioned into different com- "4 
ponents. This is exactly. what.we meant when a blind mechanic 
method of computations .are done for partitioning the total variability 
into different components, as’ in. example in the previous section. 





> 


A curious reader may satisfy himself by computing sums of. squares re end 
for this simple example by both the.methods, viz., (a) using Linear y.. 
Model and (b) Mechanical method of determming sum of squares. = 


underlying linear model that‘ permits the. logical and rational..basis ~ 





-7.5,. EFFICIENCY OF LATIN SQUARE DESIGN 


Jn Ch. 6,.on RCBD design, we have introduced the general con- ._ | 
cept of efficiency of a design, in comparison with ‘any. other design. . - 4 
The reader would have grasped the idea that the need for different ~ _ 
types. of design would arise’ solely to control the experimental :error =. 


a 


peed tS 
Aa pe os 


nit 
yt 


‘components by removing as much variability as’ possible due to hetero- 
geneity in. experimental materials, such -as. plots,. in field éxperiments — 
in agriculture: The value..of a design’increases as this aspect is _ < 
achieved ‘more and more in it, 0 - > se at ie a 


se 
Shae 


ee 
aS 


. 2 . 
ie 
Fat Ny abe TON 8s 
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“If RCBD concerns with: ‘the problem. of controlling tlie hetero- . 


‘task in ‘two directions. Obviously, this ‘aspect of the design should 

make it more efficient than RCBD. The actual increase in efficiency © 
‘1 LSD design’ over RCBD design is measured in terms of the.inverse 
ratio of the two error mean sums. of squares. esa ne 





since the value for eror component for RCED design would 
not be available in view of the fact that such a design was not used, —_ 


’- it is necessary to estimate its value from LSD observations. Fhe formula — 


for estimating the error component that would have accrued, if -RCBD 
were used in place of LSD, by not having column grouping, is given by: 


1B. +.(m +n) B, a = | : * 3 a ca 7 7 3 
My tt tty 2 a OA) 





oo 


— 


vo * oe. 


Se “< ~ ar on 


LATIN SQUARE DESIGN (LSD) . 419 4 
where | : 


E,(RB) = Estimate of RCBD » error. * Gomponent, whieh 
~- would have’ been obtained ‘if column only . 
ponent had not been used, (ie, -when | | 
rows were used as blocks), ~ oe 


E, = Mean sum of squares for column, a a 
E, = = Mean sum of squares for error component i in LSD, -, 
n, = Column degrees of freedom, = i: 
n, = Treatment degrees of freedom,” _ 


1 = Error degrees of freedom. in. LSD... 


For the seiner given in Sec. 7. 3 for the grain vel 


from ANOVA Table pe 2. 


4 x0: at teak x0: 28 9.2 258. 
oT @F4F12) 

Then the efficiency of LSD. over RCBD, had not the’ column 
been used, Is given. ae a ; | 
| _E, (RB) xQEDINED SC 100: @ 2). 
_ EGS) (n, + 3) (my 1 1). . 

+258 yy 2 + + 1) (16 + 3) © 100 - a” 1013 

“248. “2 + 9) (12°+ 3) (16 + 1) . x 1% 


E, (RB) = | 
Tein ae 


% Efficiency - = 


where 


ee No. of af for ¢ error sum ‘of squares available in. 1 RCBD desiga. 


‘This is just the sum of the df for. error in. LSD and: column df, since 


column df should merge with error df, A F columns \ were not 
used. as blocks = 4 ia ais 16.5.0 8" a 


It is thus noticed that the ‘gain in. - icienity ‘of LSD: over : RCBD, 


Gf column groupings were not. used, -is just 1%. .This ‘means, the 
‘column has resulted only in VY al in ‘efficiency by LSD design. z 


Similarly we can “work out the ‘ae ‘efficiency - of LSD over — 
RCBD, if Row-groupings were not used (i.e., column. groupings were ~ 


-replicates. for RCBD), by substituting the appropriate. values for df re 


in the above formula, by interchanging rows and ‘columns... The. effi-- 


ciency of LSD. relative to this RCBD works out to 207%: The-reader 
may notice that row-wise grouping. has yielded Soneiisteble 407%) : 
- gain in efficiency due to row: grouping. in LSD.: = % 


7 7. 6. “Missing VALUES 


It. is. not ‘gnosnal | in the case : of eclonlicesl feld experinients t to — 


| one or two observations before the —— of oe. rn due 


4, owe: notice a4 ae 





= -as in “the case. of RCBD. P agit 


Advantages: ees 


(1) LSD: controls heterogeneity i in me in two directions instead . 
“one as. in ‘the case of RCBD. 7 of 
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‘to bidet unusually low germination rate in a plot, etc. . In 


- (R-+C+T) —2G 
7 GD 2 


in whieh fh ae leap liegs gh ot ah 
| y = estimated value for the missing one, cae 


oP = number. of replications, ee ids Po Se ate 


R= = total of all knqwn values in the row ‘containing | the missing 


value, 


~~ . 
tow 4 


~ 


C= - total of all known values in thé column . containing hissing value, 


T= total of all known values ‘of the treatment with, the missing 


- 


. value, 


‘ee = grand total ‘of all Enowi wadlues.. 


‘The procedure of analysis remains die same as. estimated 
value is used: in’ place of the. missing value. The.reader, should reméem- | 
ber that the estimated valie y should not be interpreted as an. estimate i 
_of yield (or any type of observation) in that -plot. The value is merely 
. chosen by: the above formula as to make the error mean sum of ana 


a minimum. 


‘The standard error for: comparing any 2 mean with ‘the mean with : 


a missing. value’ is given by » 


ae ae 








Th case of. more than | one missing. value, the seni | 1S: ie ) apply 


| the above form’. la by iterative method. -For further details the - Teader 


is | referred to article he Yates. 32 


{'- 


a 7. ADVANTAGES” AND Disapvanraces OF Lain SQUARE Desin 


- 4 
{ 


(2) Since plots in Latin aes are generally Square plots, the 


| whole —" may be laid down in a compact block. 


S 4 * Page 163. — . Cochran. and ‘Cox, ‘?P. 125, 


j ty; Pes 
{ ee oe. * 





‘Such cases, the analysis may be.completed by plugging in for these " oR 
_ Missing: values as =e done in the case of RCBD.* In'the case of a wes 
Single missing value, the formula for estimating the same is given YT ee 4 


se 


RS SE Pk Cs, Be be ee ee ee Pee - , 
paar@atdrrn ile Sy SEES Rye Sl OR eek oe, 
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(3) The precision of ‘such. ‘experiments is increased because. of - 
compact blocks, i.e., the whole experiment will rr a compact oanar®. 
experimen tal area. | 


Disadvantages , | | | | | | 
(1) This Design is not-as flexible as -RCBD ia to restricting ‘con- 


dition that the number. of treatments, columns, rows should: all- be an test 


equal. 


__@) Since the degrees . of ree available® hie estimating error : 
variability is smaller than for RCBD, LSD designs: for a fewer number _ 
of treatments, say less than 5, may ‘have ‘to ~ be replicated “to. _ 
sufficient degrees of: freedom for error ‘component. : Oe, 


(3) When the ‘number of treatments increases,. the | nu mber of. exe. 
“perimental plots. required ‘will multiply: soon. so that LsD designs: for” 
12 or more. treatments are rately Preferred. ce Be | - 


| i? 8. “Pomnts TO ) REMEMBER IN ‘Latin Savane. DESIGN , 


“ay In Tatin’ ‘Square Design, ‘the ‘number of treatments, number. 
of columns and number of rows. are all. equal. | Og tae ee ca, 


. 2) The. stumber . “of. plots increases as the: ‘number. oft treatin 
increases. So, for large“ number of treatments, say beyond 12, LSD™ 
is less ‘efficient: as the block size will ‘also increase introducing to the 
heterogeneity .as a source of error.’ As a guiding principle; LSD may 
be used*when. the: number of treatments is not more than 12 “How-. - 
ever, the most’ commonly used squares are 3xs. to 8x8. See a 


(3) The ¢ nderlying mathematical ‘model. ‘of LSD ‘presumes * that 
the row effect and column. effect -do not interact..- -In.case of any doubt. 
concerning: this LSD should not be used, as. ithe. ‘statistical tests will: all | 


be invalid. res sage fe pres 


a) In case ‘of i missing ‘Gis it should be fies that. as fie | 
| ar. Meee eens, eee should: be sebiracted pee from the total 
and error | ee ik coe eS P = | oe 


| G) One should keép i in “pind in ‘the choice of coméct. ‘s er 
; for comparing means . with missing Plots. = E E ormala 


/ 


< CET ae 
8.1. FACTORIAL CONCERT = 8 


' In many of: the experiments: considered: previously the mam yg 
feature was to compare varieties, methods of cultivation, different “<74 
. Kinds of fertilisers, etc. In general, in such experiments only one factor =“. 
is allowed to-vary at a time, while all other factors known to affect the. gf 
response ' are generally controlled. Such experiments “are called 
‘Simple’ or ‘Classical’ or ‘Univariate’ experiments. — aS 


_ But there are numerous occasions, especially in agriculture and. 
__ animal experiments, where the main interest ‘of an investigator .does a 
not lie with the effect of a.single factor at a time but lies. with simul- = "4 
taneous influence of many factors. For example, the interest of an (% 
investigator may not be in merely knowing the effect of spacmg on 
the yield. of a certain. crop, but his main interest would lie.in finding = 
out the simultaneous effect..of both spacing and method of fertilizer 
application, that is, whether along with spacing, splitdoses.of fertilizer =. 
at: periodical intervals would be more.-beneficial than. applying. full = = 
. recommended dose at one time...In order ‘to answer this;.and many =~ -; 
other such questions, there are some special. experiments. -called 





¢ - 


Factorial Experiments. ee Bee 


~~: Factorial experiments are. experiments involving . multifactors 
including all the’ combinations of the factors in :a single experiment. | 
If, for instance, nitrogen is tried at two doses—n, (lower dose) and n, ..- 
' (higher dose)..and phosphate. at two doses—p, (lower dose) and p, 
(higher dose), the factorial experimentation needs the inclusion: in the. - 
- same experiment,-all the treatment ‘combinations of these two factors,. . 
ViZ., MoPo, MoPr, mp and mp,, where nop, stands for the treatment combi- - 
nation of -nitrogen. and phosphate at lower doses and np, stands for 


~” . ' 


_the combination of nitrogen-and’ phosphate at higher levels, ~ 


-8.2.. MAIN. AND INTERACTION EFFECTS 





: doa : factorial “experimentation 
and to understand the method of analysis in such an ‘experiment, it is” 
necessary to define clearly certain concepts involved in it. = —— 


‘In order to appreciate the utility. of 


| Consider, -for instance, an experiment in which Sais aii ; e. : | < 
Bajra (Yo = Local, v, = Hybrid) are: tried with two spacings (s, = 12"... : | 
, = 18”). Suppose the yields in kg. per hectare obtained at the < 


time of harvest are as given in Table 8,1, 


ng (a © 
- 


\ : . FACTORIAL. EXPERIMENTS - — 
TABLE 8.1. | 
Yield data for Bajra in kg.|ha. 





Varieties 


@ Simple effect. —The difference between the yields éf. Bajra crop. a 
at two levels of one factor for a fixed-level of the other is ‘defined as. the, 2 
simple effect of the first factor for a fixed level of the second, *’. ee 


_ Simple effects —(i) The simple efféct of variety. v, (Hybrid over ‘Local ‘ 
fora 0 ke. level of 12” — is ‘defined by | me ierenes 140-78 
= gfha. | | 


(ii) The simple. effect of vatiety. v, ea bad over Beall for a “fixed in 


- of 18". spacing is defined BY | the difference sites = 1260) = ai Piens 
3 a. | | 


(iii) The simple: ‘effect of spacing S. as". over 12 ny- for a “fiked: “Local g 
variety ( Vo) is defined by the. difference (1260— —780):= 480 kg. ha. 


(iv) The simple effect of spacing ‘s, (18" ‘over 12”)for a fixed ‘Hybrid - 
| weriety (my). is defined by. the difference (2540 +1480: = 1060 kg: fa... 


: Thus, dans are two. simple effects —700 and: 1280. kg. Ths for’: ‘the ‘ : - : 
: factor of variety and two for the. spacing factor—480 and 1060 kg. {ha.. ae 


(Bb) Main effect. *_The main effect of a ‘factor 1S defined: ‘as: the oe 
average of simple effects. This: gives an average effect of one factor | 
over all levels. of the other. | | 


“Main effects. (1) The main ‘effect of variety on. ‘the ciel for any rm 
Spacing is. given by the ie “3 a Sane | 


700. us 1280 | 


= 990 Oke, ha. of f Baja ae ab m ee 
(2) The main effect of spacing on on the ye, especie of the > type 


of variety, is given by the average : 


A+ 108 710 keh ak Oe oe 7 
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-® Meaningful only if interaction, g negligible, 
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' It is appropriate to speak of an interaction as a diff 
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_ these two ‘simple effects. Thus the interaction effect of the two a 


? 
ics 


‘action effect. *.... . 
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_  (c) Interaction—Factorial experiments involve a new, but a very 
Important concept commonly referred to as ‘ Interaction’. — The inter- 
action is a measure of the extent to which the effect of changing the level 
of one factor influences the effects of levels of other factors. ) 

erential psc 

our present example, we found that the two simple effects of variety 

factor for fixed levels of the other factor were found to be 700 and 1280 
Jha. If the effect of variety on yield of Bajra crop were to be 
independent of the other factor, viz., spacings, then the two simple _ 
effects should have been .the same, whether the spacing was 12” or 18”. 
The fact that these are different introduces yet another component of . 
effect—a‘ new effect as a result of the dependence of one factor on the | 
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other. This is measured in terms of the average difference between “if 


on the yield of Bajra crop is given by (1280 — 700)/2 = 290 kg. 
It is easy to.see that the same interaction effect can also ‘be obtained 
from the two simple effects’ of spacings (1060 — 480)/2 ='290kg-/ha, . 
an it nhoukd be, 01580 10 ew ee ae acre 
The interaction concept.can also. be seen from yet another. angle. te 
Suppose, for instance, the application of 250 kg./ha of, lime in a paddy’ 
experiment results in an increased yield of about 100 kg./ha, while. the. 
addition of 30kg./ha .of nitrogen results in an increase 


kg./ha. Also if we assume that, the simultaneous application of 250. 


kg./ha of lime and 30 kg./ha of nitrogen -results in an increased yield:| ~~ 


of 160 kg./ha of paddy crop, then the presence of an interaction effect . 
as a result. of the joint.influence of these two factors is established : 

for, the increase in yield of 160 kg./ha as a result of simultaneous appli- 
cation of the two fertilisers is not just the sum total of their two inde-' 
pendent “effects, viz., 100 + 40 = 140 kg./ha increase .and_ the .excess. 


- of 20 kg./ha (160 — 140'= 20 kg./ha) is thus a measure of interaction. , 


which is a new effect as a result of joint influence of the two factors: . 


Thus the incréase'in yield can be: conceived of .as.the sum. of three;kinds -- 
_ of independent effects, apart from the random influence, viz., the.two. direct. 


effects of the two factors ‘and their joint effect, which is called. inter- 


The last assumption is a crucial one in analysin g the total varias 


bili ty int O different components of. effects in.a factorial experiment. 


-__ Figuies 8.1(@), 8.1(0), 8.1(¢) represent the interaction effect - 
in a graphical Way. © ee Pk be ne 


Figure 8.1 (a) . depicts the case of absence of interaction between 


nitrogen and;phosphate. This is evident since the increase in yield, ° 


as a result of increasing nitrogen level from ny to m, is the same 
whether the phosphate level is py or p,. In other words, the change jin 


the level of phosphate from py to Pp, has not resulted in bringing a change 
in the response to nitrogen. But in Fig. 8.1 (5) we notice that the res- 


ponse. to nitrogen gets altered when phosphate level is changed from 
Py to py. Since such a change has resulted in a further iticrease in’ 
yield, the interaction is a positive ong, In Fig. 8.1 (c) onthe other _ 


~ 





d yield of 40. — 
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| FACTORIAL EXPERIMENTS _ | ae 

| ee Re See tate Jevel from. 
hand, ‘the reader will notice that the increase in phosphate. eve oe 
Py to p,-has resulted in the decrease in response to mitroge”, © 
is Clearly a negative interaction. — : 
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Fig..8 1@. A case of no interaction. Fic. 8.1 (6). A case of positive interaction. - 


YIELD 





“LEVELS OF NIRT 


Fig. 8.1(.. -A case of negative interaction. 
83. GAIN IN FACTORIAL EXPERIMENTS _ 


+ It has been mentioned earlier that’a factorial experiment involving ie 
several factors .in a single experiment provides more information about. 
the factors and their effects when compared to the information about. 
them from ‘separate experiments one for each factor: ° This ‘may be : 
seen .from the. following simple.illustration, © 0 #7 


_ Suppose an investigator wants to know the effect’ of: different seed 
rates and also the effect of different spacings on the yield of. Hybrid 
jowar. He may. however set up.two separate experiments (in RCBD).: 
one for seed rate and another for spacings. If he decides upon three 
seed rates with four replications for first experiment and three spacings 
with five replications for the second, he would require in all 3x '4 1 
3 X35=27 plots. The two experiments would provide information 

on the main effects of seed rates (based on. 4 plots for each seeq rate) 
and spacings (based on 5 plots for -each spacing). The reader 
should however recognise that the error component in each experie | 
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ment is based on.a fewer degrees of freedom as is evident from.the mY . : 
ANOVA tables: | | : gS es 


ANOVA TABLE 8.3 
Seed rate experiment : 


ANOVA TABLE 8.2 - 


Spacing experiment 





Sources of ource 
variation variation. |. | 
‘Replications |. 3 


| Error ae a Be : a 
| TOTAL. “al ar, 





Replications © | 4° : 
_ Spacings " 4 2 : | Seed rates | 


J EMOr. f 2. 14 8 





TOTAL - ‘ 14 | 


If the investigator,on the other hand, had used a 3 x 3 factorial oe 
gs) with all the 9 combinations of - 


experiment (3 seed rates x 3 spacin | moter 
treatments tried in 3 replications, utilising the same number of 27 plots, 
he would have had the advantage of estimating the mean yields* for each 


seed rate: and for each spacing based on the information of 9 plots’ 


instead of 4 plots for seed rate and 5 for spacing. Further the arrange- 


‘ment: of treatment combinations in a factorial way would provide’ 


additional information on. the joimt effect (interaction effect) of seed 


rate and spacing on the yield of Hybrid jowar—a piece of information ~ 


which would not have’ been possible to obtain from ‘either of. the: two 
separate experiments. Further, the number of degrees of freedom avail- 
able for estimating the. error component in the composite experiment 


- js 16 df which is. double the number shown in Table 8.2 and-more | 
- than twice in Table 8.3. Some of..these. points. are .revealed in. — 


ANOVA. Table 8.4 for the factorial experiment, - ° 


"Thus in a single experiment and with no additional plots the effects 


on the yield of Hybrid jowar due to different seed rates ‘and spacings 


and also their joint effect are all measured with ‘greater precision (smaller 
error component).* sR BT ha a Gaye 7 


8.4: ADVANTAGES AND DISADVANTAGES OF FACTORIAL EXPERIMENTS’. 


are some distinct advantages of Factorjdl Experimentatijons, 


——————— SS ps - " P ; : . oe 
* It is to be noted that the main effect of any factor in a factori ——-* 
: effect ayvimate * 3 JT. rial ex 
jg a sort-of average effect (approximate.in presence of interaction effect), 


=. 


df. 7 ha Sources of - df. : . a 


-.- Advantages.—ASs pointed out earlier (Sec: 8 3) in an example, there : 
Chiefly : 
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. they are: efficient use of experimental resources, scope for more genera- 
lization about the results since the effects of factors are calculated. © 
presence of many other factors, a new piece of information on ‘© 


: 
; 1 {| > interaction effect of two or more factors, which is impossible to obtain — 
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) chief advantage, not very obvious at first sight, is the larger number of a 
| replications on which each value is based. The information about : 
interaction and this hidden replications are: two strong features 0°. 


factorial experiment, 
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_ANOVA table for factorial experiment. 
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-. Sources of variation me ES ae nat, aameig # 
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ae “Replication 2 
Setdrates 2 


> Seed rates x spacings | ne Ee 
oe (interaction) 8 pee 





cat | Disadvantages.—Factorial experimentation..is.not without any — 
e & " disadvantage. As the number of factors increases, the treatment ~ 
fs _ combinations also increase and execution of the experiment and 
“J39L. statistical analysis of data also become, more complex. In some in-_ 
ees i - ” gtances, it-may be difficult to ensure homogeneity of mate rial such: as 
et we experimental plots, when several combinations of treatments are 


when factors are tried individually in simple experiments. . Another 


involved. Further, if the experimenter is not interested in certain’ 


| Be zs - Combinations. of treatment levels, he may be. forced: to incorporate . __ 
ARE them in an experiment as complete factorial experimentation requires 
eee) | all. combinations. This way there may be chances’ for wastage of _ 
ag V —— material, time and labour. .-- . - Ry Boe ee eT a ge 


But ' advantages generally’ outweigh disadvantages unless other- 
wise in a given situation. = = » ee a Nan ke ae 


~ 


_— 


- 8,5. NOTATION” | : 
For the purpose of clarity’ in the mechanics of analysis ‘an mack. 
pulation of variables, it is necessary to be familiar with useful notations 
used. in factorial analysis, Be TE wad a. ge 
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‘1, Factors.—Factors are generally denoted by capital ’ ee 
A, B, C, D, ete. : — =. & 


2. Levels of factors.—The levels of factors are pinarally sane ee 
by Q, Qa, Qo, OF Qy, Ag, As where 0, iB 2, 3, etc., pone test only : ae ae 
actor in increasing order. Very often in case of two a the lower... hae 
instead of a, and a, the higher level is represented by. 4... ane. aie Same ie | 

eae to te gly eae: 

3. Treatment combination.—If we have, say two factors, ek gr m Een " ie 

A at two levels a, and a,, and B at three levels bo, 41, ba, * oe oe Ae 
‘ment combinations will be represented by apbp, Ay; aes» yr. ety is oe: 
a,b. Usually in the case of factors at only two levels,. a9 eau 
combinations are denoted respectively by 1, a, b, ab, for 4o%o» %70» 40% 


4. Treatment means.—The treatment miéans ico _ : apt | 
by (ayb,), (aob;), (a,b,), etc., for respective treatments “ovo: “ol 0 
etc, In "CASE . i actors being at two levels only, the corresponding | 
notation will be (1) (a), (6), (ab), etc. OSG eo Bi oe 


5. Treatment totals.—The treatment totals ‘are generally denoted 
by [agbo], [a,bo], [agi], [a:b:], etc., for the respective treatments d0o,. 


Abo, etc. Note that a square bracket [ ] implies the total, while a cir - 
_ cular brackets () implies the mean. ow ee Boas 


| 6. Treatment effects—The capital letters A, B, Cys etc., ate coal 

“used for denoting the main effects of factors A, B,C, etc, and 9 4 
AB, BC, CA, ‘etc., for their interactions. ‘The corresponding totals _ 
“are indicated. by- the square brackets, viz., [A], [B], [AB], etc... 





. 7... Designation of factorial experiments:—A factorial experiment™ 
involving, say; factors A-at p levels and B at g levels“ is generally — a 
‘designated as ‘p x q factorial experiment. If both are at p levels then 9“, 
jt is either designated as p xX p or p*. In‘case of several factors.-A, B, 
C...-at p, q, 1... levels, the experiment is designated ‘asp x q Xr. 

- _», factorial’experiment. Thus 3 x 2 factorial experiment stands for 3 
levels of first: factor and 2 levels of the second, with all the six 
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treatment combinations in a single experiment. © 
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8.6, STATISTICAL ANALYSIS OF FACTORIAL EXPERIMENTS..." 


. - 
‘ 


= ° ; 
2! Oe. 2g. 
2 eet 45 


The type of statistical analysis depends upon’ the type of design 
used in experimentation. It may be mentioned ‘that factorial-. ex- 7 
periments need not be referred to as a separate experimental design oe 
since. any factorial combination of treatments can be laid down using F 
any of the designs such as CRD, RCBD, LSD, etc. Thus the adjective 
‘factorial’ merely refers to the special way in which treatment combj-: - 
nations are formed and not to any basic type of design as such. 


. Factorial: experiments may be categorised. into two raajor ‘groups: | 


(a) Complete factorial .experiments and (b) Confounded factorial ex. 
periments, In this chapter we shall concern ourselves with the pane 
> : ; 3 vee ! ez aes 4 vie tae: vibes Sova 8 1 








_ periments: involving several factors introduced at differen 


(). Block totals 


189. | 


| for the 7 
type of experiments, while the: subsequent shanti are devoted, a few 
latter types; also methods of statistical analysis | nail 
types of factorial combinations such as: 


FACTORIAL EXPERIMENTS 


ar of levels 
(a) Factorial .experiments in which differing number Oe Tee ae & 
are used for different factors. ae 
ctors $8 

_ (b) Factorial experiments in which each of the several fact ! : 
tried at the same number of levels. 


ctors 
8.6. 1, Statistical Anal ysis of . Factorial Experiai¢nt Involving ae 
_ with Differing Number of Levels’ a me : re 
oer ex- 
nt number 
as 
of levels. Examples. in. which the treatment combinations = hod of 
RCBD and LSD are given. Later we .learn about | the. m 
analysis when the number of levels for each factor is same. , 


First we shall illustrate the method of analyeis “for fa 


Example 13 x2, factorial experiment laid as CBD. 


th 
An experiment + was conduéted on sugarcane crop at Gangava y 


. Su garcane Research Station during the year 1963-64 to find es ‘of 
_ maximum bi of ‘sugarcane | due to different dates. of} hharve a 
cane. eo 7 | : 


Pasion tested were: 


(1) Nitrogen. hervelu=<-(1) n,—150 bjacre: Gi e300 ditbjacre; 
. _ (iii) n,—450 Ib/acre. 


__ (2) Dates. of. harvesting —{i)_ 4, 15th month; @ de“ 18th | fs 


| month, 


“The field plan of the experimerit 1S given in Table 8. 5. 


Type of design. —A randomised complete Block Deiign was: used. 7. 


with four replications. The gross plot size was 36’ x 21’ while the 


net t plot si size ‘was 30’ X 1D’. : pa Pras layout 1S shown in Table Boe, 


Stati pineal analysis of the data —The data is sles” “according 
to the design used. Since, in the present case a Randomised re 


- Block Design is used, the data are analysed accordingly. 


7 Step 1 —Arrange the data | as in Table 8.6. 
: Step 2. Se 


By = 288 , Bs = 2917 B, = 3020, By = 2848, 


. , ) 
. 
° ’ 
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DESIGN AND ANALYSIS OF .FIELD .EXPERIMENTS 
rn TABLE 8.5 


Field plan 
(Figures in brackets give plot yields in ean 





n,dy nd, 
(484) (489) 
nd, Ngd» 
(421) (509) 











Mod nsdy 
(523) | (451). 











| Rep I | Rep 0 





4 
Ng, Node | ngdo =| | nad 7 | a. 
(547) | (550) | | (408) -| (476), | ae 


—_—— |, 





Nd» ny - Lt Med, nd, e 4 | 8 n 
(519) | (482). : (46). (399) ae i 


Mgdy | nd, ny d, Neds : 
(514) | (408) | — (537) (562) an 


Rep T° Rep IV ee | 


TABLE 8.6 | _ eee: 


a 
| Yield data kg.|plot 4 

_ ee? ge Replications me 

, , a. 


‘RIL. RUD RIV . | 





406 | «6408 «| «6 g99 | gaa 
498 647 | - 4660 : 2000 | 
‘SOL | 482]. “476 - 1915 
sit 519 | 637 | aga 
SIL | 550 562. | 2ldg 





645 614 408 | 1g 


ee ee ee 


2917 | 3020 2848 11687 











(Check T = [mdJ+ lah] +... + [my] = 11667) 


| _ ' : FACTORIAL EXPERIMENTS 
| (2) Treatment totals: | 

(nd,] = 1634, [md,]'= 2000, 

[rgd] = 1915, [rah] = 1996, 

[reds] = 2146, [n,do] = 1976. 
- (3) Grand total: 

T =B,+B,+B, Bea 667. 


} 
| 


S tep 3. —Find: 


Q) Grand mean n= __ L166/ — 486:125. 
rXxt 4x 6 


(Note.—r = number Of . replications, t= sci of siaaiid i 


(2) Correction Factor (CF): 
ce) = = GEO = serie. 
(3) Total Sum of ‘Squares odes 
- $SQ, = (4212 + ... + 4082) — CF. - 
— 5728751 — oes = 57131. 


ae ; 
SQ, = Bit + Bit + Bet + Be + Ba ~— CF 


= 5674386 = 3071620 = 2766. 


©) Treatment Sum of Squares (SSQ;): 


SSQ, se (mdi? + ae ~ + [rsdal* — CF . 


- 5107772 = 5671620 = = 36152, 
© Error Sum of Squares SSQ,): 
SSQ, = SSQ, — SSQ, — sSQ, 
= 57131 — 2766 — 36152 
= 18213, poy 





@ Replication or Block Sum of Squates ($8Q) —_ 
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192 “ DESIGN AND ANALYSIS OF FIELD EXPERIMENTS 
Step 4.Set up a preliminary ANOVA TABLE'8-7- 


. Preliminary ANOVA Table:8.7 for the data ‘of Table.8.5. 
\ ‘ , a 


Source 










Replications | 922-0 | 
Treatments | 7230°4 
_ Error aa20 
TOTAL tos “ | | 


8.6.2. Further Break-up of SSQ, into Different Components | 


Normally the analysis of data would come to aD end at the above ’ . 
Stage, since the total variability is partitioned into contributions from 
specific sources of variation. But the advantage of factorial experi: 
ment is that the data contains more information than we have utilised - 
at present. For instance, since different levels of nitrogen and different 


_ dates of harvesting are included ‘in the experiment, it should be possible — 


to ‘throw some more information concerning 


(i) The main effect of different levels of nitrogenous fertilizer on ~ 
: the yield. : =. 


(ii) The main effect of different dates of harvesting on the yield. 
(iii) The interaction effect of these two on yield. 


This can.be achieved by breaking down the Treatment Sum of 
Squares (SSQ,) = 36152 and the corresponding df=5 into each 
of these sources. The subdivision of the Total Sum of Squares due 
to treatment into the above three components is obtained in the 


following way. 


Step 5.—Arrange the data of Table 8.6 in the form of a two-way 


‘table as shown in Table. 8-8. 


TABLE 8.8 















| ny No 
d, 1634 | 2000 
dp } 1996 |. 2146. 






TOTAL 3630 | 4146 
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* Step _— : : iy 
(a). the Total. Sum of Squaies for the treatments ($89): 


SSQ, = tual + aw + [toda]? il | 
ae CF = 36152 with 5 af. 


' (Note, ~ Each, number in the cell is the total of four replications. ‘Check. with 
step 3 (5)} | 


__(b) The Sum of Squares Between Columns due to: the Main Effect 
of Nitrogen (SSQ,.) ? 


a 2 Wes poke ul, pe Mute | 
~ gsq, = 3630 446 #3801" ~ oF shes AE 





— . F 
: ) oe 4 A S43 


= 5688262 — 5671620 : = 16642. 


(c) The Sum of Squares Between. Rows due to the Main: Effect of 
| Dates of Harvesting (SSQ,): 


S8Q,, oe + 6118 — CF = 5685110 -- 5671620 = = 13490. 








[Note. —The divisors in (b) and. ©. are 8 and 12 respectively because each total” 


in (5) is made up of 8 vaties: while in (c) it is made af 12 Seabts from the ae 
figures]. 


Me a ee aa 


‘(d) The Sa of Squares due to Interaction effect oft these two factors _ 
iS ‘obtained. by subtraction : | . 


—-SSQ,5 = SSQ, — SSQ, — $5Q,, 
“=: 36152 — 16642 — 13490 = 6020. 


Of the 5 df for treatment it is easy to: see that 2 df will gO | for the 
Nitrogen effect since there are three levels of Nitrogen, 1. df -for ‘the: 


harvesting date.as. there are. only two dates of Saree; and 2 x 1 =2 df ia 
for the interaction effect. 


_ Step 7. Set up the complete ANOVA 2 as in Table 8.9, 


The Schematic representation for. the above apes eae of variance 
table is given in Table 8. 10. 


8.6.3. Tests of Significance ... 


Many kinds of tests of significance may be performed i in-a 
+- experiment,” ‘These: ‘may be,. f08. convenience Sake, saiicchets u factorial 


n 
groups, VvizZ., ; | der. three 
(a) Testing for the overeall ‘Significance « of m 
pee ue ain and interaction 


& Comparison of all posible airs oe m 
7 a a interaction means. 33 eans among main and 


sea 
* 
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lod DESIGN AND ANALYSIS OF: FIELD EXPERIMENTS — 
| TABLE 8.9 ee 2) 

| Complete ANO VA for the data of Table’8.6" 

| F-ratio — 





| 922-0 | 
36152 | 7230-4" 5-96 

16642 | 8321-0 | 6-85 
13490 |. 13490-0. | 11-11 
6020 . 3010: ‘0 | 2-48 


18213 -} 1214-2. 


= Replication; | 3 
5 









2.. Treatments 


(i). Nitrogen (N) 








| 





(ii) Harvesting dates (D) 
(iii) Interaction(ND).. |. 2 
3. Error. = 70s. 15 

















TOTAL 23 57131 








TABLE. 8..10 
~ Schematic representation of complete ANOVA 


Source | * <a | | SS a MSS 


- $50al a = =V, 
Sst -1)= Ve . 
SSQxi6==Vx 
SSQ.I@-I)=V5 ‘a os 


$80 
@-N@=1 © 
 SSO.z « 

(r—1) ¢= D =Ve 


. Treatment 


(ii) ‘Dates of ‘Harvesting " g~l. 
(iii) Interaction i ae | @-)x@-}) : 


| @=1) @-1) | 





— oe eee” eee Oo 


Gaus iit? rt—] 





ep = : Numbee of levels of N, q= ‘Number. of levels of D, ¢ - = Pa total . 


senate of treatment combinations. 
“© Testing for specific contrasts ‘formulated either before the data 
collection or after data” — 


: “The anal ne for these. are given in Ch: 3, Secs. 3.3.1 
and | 3.3.2. We shall consider therefore the application of these 
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q ‘ | i. | _ 

Pe Pee Ca Weare Oe Oe er ing 

a FACTORIAL. EXPERIMENTS. -, : a 
at ie | methods to the specific problem under ‘consideration. The reader 
rr may review the relevant secs. in Ch. 3 for details of these methods. 

i , ‘; ' . | ‘. od o A we ; 

i (a) Testing for the over-all significance of main and ibaa 

1 J. _-effects—The over-all tests of significance for various main SS 

Ae | interaction effects may ‘be tested by the respective F-ratios of MS 


to the error mean sum of squares, 


on 


The F-ratios for Table 8.9 are: | . I 





| (1) Main effect of nitrogen levels: | | 
F = * = —_—. = 6°85 with 2 and 15 df. 


Comparing this with table value of F =3:68 for 2:and 15df at 5 per RE 
(Table C Appendix), it is noted that the observed :F exceeds. the table 


value suggesting an over-all significance. of main effect of nitrogen. 





A -‘Q) Main ‘effect -of dates of harvesting: _ asa 
NV; 1214:2 


The observed F-value' of de 11 is found to exceed the table value of | 
4-54 for 1 and 15 df at 5 per cent, indicating that the mian effect of dates 


F = ve = O)  in-11 with 1 and 15 di - 


of harvesting is significantly different. 
~ (3) Interaction effect: | 

| > Veo 3010-0 

= Vy 1214-2 


9-48 with 2 and 15 df. 


' s ® 
ae ‘ .¢ 





AP | Since this value 2-48 falls below the table value of 3*68 for 2 and 
qi 15'df at 5 per cent the over-all test of interaction fails to reveal the 
presence of interaction among different levels of two factors, 


(b) Comparison. of all possible pairs of means among’ main and 
interaction means.—When F-tests are found to be significant, one might ' 
be interested in comparing all possible:pairs of means‘among: (1) Main 
factor means; (2) Interaction means. These can. be accomplished 
by the use of (least significance difference) tests described in Ch. 3. How- 
ever we shall demonstrate its application to the case of main effect of 
nitrogen factor only, leaving the others to the interested reader as 


ra) 


' “exercises. | 





(i) Leas t significance difference’ based .on ordinary t-test (lsd): 
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- Notice | ‘since the mimber'’ of pairs : being small, ‘the aoe eae 
x | 
on the two" tests” are ‘similar. ae ng ements 


ae - (2° KS above, one may choose: any set Of: ‘means for. all: ossible 
| ‘Pa irs of ies acer as for instance, ‘one Y maay ‘compare: all i SiX 
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(0) L esting: for: specific: contrasts. formulated. ther abe ae 


yntras | 
collection of data or. after. inspection of. data. Many, : kinds ss ¢ empha : 


t’ma 
may be set up under this type of problem of testing.” I 
sized here that, since there. are 5 df for treatments, one. can. thit 


ssaril all phe ees 
5 orthogonal contrasts. involving treatment. means (not neces Pawar es a 


in. each contrast), resulting in. the breakdown. of. treatment sum oO 


| fs.: 
(SSQ,) into. 5 sums of squares ‘corresponding to ‘5 orthogonal ‘contras 


| . he. might set. up the’ contrast Cc as . 


‘Under, the assumption: that. these: contrasts: ‘were formed. -before~ data et eotate 


inspection, one can apply. ANOVA method of F-test given in Sec: 3132 


Tf. ‘Some’ 

126) to ‘test which contrasts. are. ‘statistically: significant: ~. eee 
& Pe satires are formulated: after. inspection : ‘of data, one: thas. ois i 
-to apply Scheffe’s. S-method described i in Sec. 2 3. 2 AP: 131), 8 since this bo 
iS a ‘more. @ appropriate test.” SET! La BE i ies geen BEER at aE ete oe 


as 


e “§ ~28 Pe age + . ~s ot oe ‘ t- ba * is - " 
og ED eet eye . 3s aus ayt ae ¥ 
opts Bee: “Wt, 2 
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rege pre 


Ava%? 


‘AS. an. instance for the Tatiet situation: suppose ‘one waits toe cnc, ee Z 
- after inspecting. ‘the. treatment totals in Table 8.8, whether the yield. 


receiving the treatment 7d, (lowest level of nitrogen: harvested earlier) | 


is “significantly different from the aa asta of: 8 other: earments,. 


° eer i re 


ess (md). (md) — (ra) — (yd) - — “ Gaal) = “(aad = a o. 


: ihe’ me ind); ‘ete:; “stand for. treatment. means for respective: treatments... 
: Incidentally, notice that the sum of the coefficients in’ ncontrast add, to, 


ai “Estimate 0 of Cc is. 2 Saab gS A AS 
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NS boys ee > | 
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Compute: | 
(i) SE(C); . (ii) SES ; iii) S= J/E—1-F.@! 





We have, then (i)'SE (©): . 


en fF, 


(52 + (—1)? + (— D+ (— P+ (— DP Ce DAG 


xy; 


——__ 


= ee ee 


<n  e 





@ SEQ®=. 


on nage an ae eee 
I —— 


- a/ ES = 95°63 kg./plot. 


--- ——+__,. 
a te ~- 
= — 
SS 


-—— —-—e 





@ SEQ = sak 


reer ees aos 


Gi) SHVG=NFGIALY) . | ; 
ie, where F= ordinary F-value at a level, for (¢ — 1) and vdf, : 
SF where t is the number of treatments involved in the experiment. | 


Here t= 6, »= 15 df associated with V, so that for a = 5 per cent 








Sa VGN KTH = 3-79. 
: We may conclude that the: average yield receiving treatment. com- oe i 
bination 7,d, is significantly different. from the average yield for all. eR 





other treatments put together. Notice that this statement is true at wg NY 
95 per cent level of confidence (i.2., 5 per cent level of significance) even a 
though such a comparison is made after the inspection of data. Since Cis ~~ | Fe 
negative; it is probable that this‘average may be less than the composite oe 
average -yield of other. ‘treatments, even though the test used iS. a 


two-sided one. ~ 


_ If this. contrast were formed before inspection of: data, a more — 
efficient method would. be ANOVA test., 7 | 


: Example 2.—3 x2 factorial laid as LSD: A: manurial experi- 
ment was conducted on paddy crop during the year 1963-64 at Nagena- - d 
hally Agricultural Research Station... The’ factorial combinations were 2 
Jaid as o X 6LSD. Details about factors tested and suggested field : 
plan are given below. The object of the study was to find out th¢ : 
| fequirements of lime a¢id fo soil, _ 
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ha v | a The treatment combinations were : | 

ire | = 250 Ib of. lime per. acre. | 

ee : _ — ty =.500 lb of lime. per acre. 

1 oe | t; = 250 1b of lime plus 30N + 20P per acre. Pe 

mt ty = 500.1b of lime plus 30N + 20P pet ‘acre. - om 

cS | a af : = 30N+20P per acre. fee 

| | | = Control. =, | os | 
ee | “Net a size: 24’ ie x 8 6" (20 Sq. meters), | 








| TABLE 8. 12 — 
~ Lay-out of the experiment along with the yield in. ke. (plot | 


eC, ne ee 





Columns 


Nh Sy tale thts ETRY IE dung 
t , . “6 
-4 < : a , = : - “ 


Rows — 





eT 


) 5-75 | 6:25 | 5:25. | 3-75 | 


RD en | eR | SD 
‘ - 























a t, ts. ty ft. | 
(3) 5:50 | 4:25 | 4:00 | 5-00 
ty i eke ge 
(4) 6°00 | 5:00 | 4:25 | 4:75 
te t ts ts | 
ie (5). 6:00 | 4:75 | 4°75 | 4-25 
4 tg | to. E ty i ty ) ts. 
3 (6) | 6:00: 5°75...) 5:00 | 5-50 4°25. 
7] Statistical analysis, _The different — involved. in the statistical . 
4 analysis of data are _ gen below. | 
| | Step 1.—In nie 8.12, compute the row -and column totals. 
4 (a) Row totals ; | | 2 | 7 
a Ry 29°25; Ry = 29-50; Ry = 27-75; Re = 29-25; 


Ry 27 50; Ry= 31 50, 
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TABLE 8.14 “oh ee Ee 





Source _ Ot | 7 sg: MS i Fro. : Fis i : : 












Between columns = '- ai 
0°55 | 1:46 


Between rows _ 0°55 daca Ges 
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0-08. | <1 |3 
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| 5 
Between treatments - og | 
| ig 0-16 
(b) Between manures}, . ae Pca Poe | 0:50. 
eractic oct oat | 0-14 
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Step 6.—The various effects may be tested—Between treatments, 


, 


main effects and interaction effec —for their significance” by com- 
puting the F-ratios of ‘the respective ‘MSS.;:to the error. MSS, as: given - 
in the last column of Table 8.14. “From the above F-ratios, it 1s 


“evident that mone of:the effects is significant... 


If sone F-ratios turn out to be significant then-one might proceed _ 


ith further analysis of- data using the methods given in Sec.'3.3.2 m 


Ch;,. 5» : | | ase ep agate id ae a ee : 


“og ;t Assy, a 


alysis of a, More Complex Experiment 


8.6.4, Statistical An 

The reader has been exposed to some ideas about the fundamental 
concepts of. factorial experiments illustrated by two simple examples 
delineating’ various steps -involved in statistical analysis ofa. complete 
put simple factorial experiments. The reader may recall that, in the 


case of a two-factor experiment, as in Examples 1 and 2, there are three. | 


distinct factorial effects, viz., ‘two main effects, each associated. with one 
- factor and an interaction effect as a result of the joint influence of these 
two fan two factors, several effects will present themselves for con- 
‘feration.. For instance, in case of an- experiment: involving three 
factors, say A, B, and C, each of them being introduced at two or more 
jevels, the following effects may be studied; 7°. AS 


ANOVA for the data of Table8.11 9° 
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: SRACTORIAL EXPERIMENTS 
@ Main effets: —Thxee, one for each factor A, ‘B, core 


(2). Interaction effects. Four in all: ‘Of these four, 328 
involve the joint effects of two factors at a time, viz. 


thei 


influence of all three factors A, B, C simultaneously. In SW 2 
ABC interaction will not be the sum n total, of AB, AC ands ae , 


it exists, it is unique by itself. anc aat anes 


For distinguishing different ‘ovelé of. ie lernstions’ AB, BC, a ee te 
interactions involving only two factors are ‘called: two-factor: nteraction. 00 os 
_ or a-first order interaction, while ABC: interaction’ which volves: Bp IE 
the three factors is called a three -factor interaction ot a sewond : ore ‘op! Neds 
" dnteraction. : In general, -ABCDE, for instance, may, be called a.five-fac or’: oe 

_ interaction or_a fourth. order interaction. If one understands . the cay peewee 
| cept of | two-factor: ‘interaction: as ‘explained. on. "Pp... 184 it; As. Ca8y.: Oe a 


‘Imagine the: meanin 1B of higher order interactions. 


“We shall vieaeht the statistical analysié ‘eta more « complex experi- ecw, 
‘ment than a simple two-factor experiment (Examples { and 2) through aay! 
the, following example. “The reader is particularly: ‘advised’ to. recog. 
nize the. generality. of steps in the’ computation: ‘associated. with the 
mechanics of breakdown of total sum of, “squares into | various com- . 


while the fourth one is a new effect produced “as: a result of. the bay : Pe 


RA ee 


ponents. It pays. to pause at each step in the’ analysis to learn this: 


Example 3:4 x3 x2 factorial laid as “RCBD.. In this ‘experiment 2 | 


conducted at Regional Research Station, Raichur, in the year | 1966-67, 


three factors, Nitrogen (N), Phosphate () and Potash. (K);. were tried re 


with N at 4 levels, P at 3 levels and K at 2 levels resulting” in all:24 


_ different combinations of treatments, to study the effects of fertilizers. | 


and their: interaction on the yield of Hybrid Bajra. .An RCBD 


was used ‘with three replications and following treatment combina- ° 
tions: N at four. levels 0, 60, 120, 180 kg./ha, P.O; at three levels 0, 
30, 60. kg./ha and. KO at two levels 0, 60. kg, - hae 8. AS. ‘shows 
: the: yield of EOD in kg. [plot. 


| » Statistical ‘anil Stacia. statistical analysis of ‘the: dan of fe 
7 Table, 8. 15 may be ‘performed. conveniently usm the following steps. ge 


Step 1.—Arrange the data in a. systematic way as in Table 8. 16. a | 


From. ‘Table 8.16: -eonstrist a three-way table as in Table 8. 17," 

_ This is a :table showing the rearrangement of the. Treatment Totals .— 
- over all the three replications given: in the last:célumn of Table 8.16. ° 

- Thus each number such as 4:625 is the total yield over three pepiecations | 
| for the treatment combination noPokor 


‘Step 3.—From Table 8.17 construct two-way tables for different 


oo combinations of Treatments as in Tables 8 .18 (a}, (), (c). Ea 
— “such as-9:950. in Table. 8.17 (a). is the sum pr ie res ee 
8, 16, he MoPo.= = naPolg , meee 2: = - 625 ia >" 329, . 


. technique of computing. sums of squares as a ci mode. of analysis. far 3 . | 
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TABLE 8. 16 - | 
Grain “yield: kg. iplot fee aro | 


| Replications 


( ; , ; ' os : . 


Treatment 
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. -. Nien -: ‘ 
. - 2.4 * x ° . 
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map 
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9 ‘ 255 * 
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11295 © 
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“9. 95 
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a ao | ab 350 
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g094dd |. 775040 


73-055 | ‘ae 





es .! ¢ ps eR hg 858 
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| TABLE 8.17 | 
Three-way table for various combinations of tre 


(ED ee, OR eee Ee ee 








5-380 5-210 
10°315 
11°785 


Mo 4°625 6°385 6 +370 5 +325 


my 9-255 9-080 10-420 | 9-975 9606 
11540 10-885 12-200 | 10-480 ‘11-296 


12-160 «11-905. 11775 | 126850 ©1125 © 11-950 


Ng 


Rs 


‘ 





ee 


37°530 38+205 40°855 





TOTAL 





atments 


33-295 
58-660 
68-226 
71-266 


— | —— ee 


38-130 37°405 39-260 | 231-435 
i 


TABLE 8.18 (@)—NP table TABLE 8.16 (b)—NK table 





a es 


Po Pi D2 Total Ko 








Ng? 9-950 . 11765 11°580. | 338+296 
My * 196230 18-685 20-735 58-650 28-755 
Ne “99.020 229180 24°075 | 68-226 | 34-665 
24-510 23-080 ~-28°725.-| 71+265 | 35-840 






























37-580 38-130... 


' Step 4.—Compute * 2: 
(a) Correction factor (CF) = (Grand Total)? 


= (231-435)? 


71B°710 


ky 


17-380 16°915 


29+895 
33°560° 
85° 425 


re ge ES SS Con 


|} 73-710  75°610 80-115 | 231-435 | 116-640 114-795 





40-855 " 39-260 80-115 


Total number of all observations 








) : 7 
_ * fACTORIAL EXPERIMENTS 207 
(Bb) Total Sum of Suarés (SSQ,): | 
fh : SSQ, = [1-625)? + (3°410)? +... 2+ (> 5653"|—CF 
‘ - = 803°58 — 743:92 = 59-66 (from Table 8°16) 
: (c) Sum of Squares due to Replication (SSQ,) 
_ (80-440)® + (77:94)? + (73: 055)" 
ae 
= 745-10 — 743- 92 = 1-18 (rom last row: of Table 8. 16). 
(d) Sum of Squares due to N(SSQ,): | ee ed 
_ (33: 295)" + (58: 650)? + (68: 225)? + (7: 265)* ce 
-_ : 7 . is ue Ht ba at . Seid nee “Com euitia a! 18 a). 
"793-43. — 743- 92 = 49: She 
7 @s Sum of Squares die to P (88) 
_ (5: 710) + - (75 +610)? + (80°115)? - 
9A a re 
| = ‘47 — 743-92 = 0°55. 
( f ) Sum of Squares. due to K ($8Q) 


1 2 
, Er Sere 195° ~ CF (from Table 8.18 is 


— CF. 





- CF (from Tables. 17 D | | 


, = 743°97-— 743-92 = 0-05. | 
| ©) Sum of Squares due. to. N x P (SSQu) 


9-950)2 + (11-765)? 23-725 : 
a =A fest Q3-725)*_ ~CF— $80,880 


= 794: 1-13: 92-49. fe) ak 55 =0- 19 
. 3 ~~ (from Table 8.18 a). 
i Sum of Squares | due’ ig Nx kK (SSQu) 
. 2 
i it aes 5425)" op SSQ, — SSQ, 
= 793: 10 — 743-92 — 49-51 0-05 =0-20 
| (from. Table 8- ‘18 5), 
(i) Sum of Squares due to Px K (SSQ,,) 


BT 580)? + ... + (39-260)2 - 

oa 12 ae — CF. .SSQ, — SSQ, 
(from Table 8°18 Cc) 

= 744: 62 — 743: 92 —0- 55 —0- +05 se 0: ‘10. 
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(7) Sum of Squares. due to NX PX K (SSQuex). 
= Rone kee Seer — CF — SSQ, — SSQ, 
— SSQ, — SSQ,, — SSQ,,, — SSQ,, _ fate oS 
= 795:75 — 143-92 — 49-51 — 0-55 — 0-05 — 0-79 — 0-22 | 
— 0:10 =0-61 (from Table 8.17). 


(K) Error/sum of Squares is computed by subtraction of all the 
above sums of squares from SSQ,° | 


* The divisor in each sum of squares is determined by.the number of observa- , 


tions that go to make each total. For instance,, in (b) each total such as 80 ay 
is the sum of 24 observations, hence the divisor is 24. Similarly in (c) each tot 

such as 33-295 is the sum of 18 observations, etc. In fact this rule is general for any 
sum of. squares, 2 aa | | 7 


‘Step 5.—Finally set up ANOVA Table as in Table 8.19. 


Tests of significance.—Since all the F-values, except for nitrogen 


effects, are less than one, none jis statistically significant. The nitrogen 
effect is Significant beyond 1 per cent level. 

TABLE 8.19 Oo 
ANOVA Table for. data in Table 8.15 








Source | df |. SS MSS... | ae : 





Replications 1:18} 4 DE SB ee | 









a | 49-51 | 6-50. | tye 
7 0-05 | 0-05 a 
" 0-79 = fs 0-13 fey 
a 0-220« | 0-07 <1 
om 0-10 | 005 | cy 
awe 0-61 | 0-10 7 <i 
Error 6-65 |. O15 














on SOS = 
le = wee = 
+a: ba Are 


— 
_ 
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- 


8. % 5. A 28- Factorial Experiment 7 - + 


In the previous sections: we have given. illustrations of moved seri 
type in which different factors are tried at. different number of leveis. 


-... Factorial experiments .in which every factor is: introduced at: the = 
- number of levels are generally of interest.in view of certain interesting . 


features associated with them. Particular interest -is the experiment a 


in which each factor is tried only at two levels, since for such experi- 


ments, the procedure of analysis is greatly simplifie ed and the results 
more ‘usefully interpreted. In this section, we shall give’ an example 
of a 2° experiment in which each of the three factors is tried at 2 levels ¥ 
only.. We shall, for. this example, Present. ¢ two methods of — 
which lead to the same results. ye 


Example 4: 23 NPK trial « on sugarcane. To evolve a ‘suitable 


- ecohomical manure schedule for obtaining maximum: yield of sugar- 


cane, an NPK trial was conducted at one of the experimental research ~ 
stations in Mysore State during 1964-65... Each of the three factors  ~- 
N; P, K was chosen at two. levels: only apr in 8 combinations of | 
treatments. ‘The levels chosen were: = 


Nitrogen thy = 120 Ib per acre] = 50 Ib per acre 
~ Phosphate py = 0 Ib per acre —_p, = 150 Ib per acre 
Potash © k,=.0 Ib peracre Ky: = 100 Ib per acre 


| The yield in kg. per plot of size “(34 x15’ net) for each : 
; combination of treatments is given in Table 8.20. Bg 8 


ie 


TABLE 8.20 | - 
_ Sugarcane yield in kg. per plot 

















: | _ Replications Total” 
os ia Tay | teatnent 
| | RE | RY | ROL | RIV joo 
a oko (1) 200 | 120 |° 200 270 |-. « 790 
: —mpoky (2) ~~—-—S«|- 20 -| 20 | 350 | 250 | “1080 
as —mpike(P) ~~ —=*|- 850 | 260 | 220 | 220 | 1080 
ak pe (mp). —s«| *830 | -240 | 400 | 300 | 1270 
J5 . - — MoPoky (Kk) - 210 230 460 | 340 |, “240 
6 mpoky (nk “950 930 | 430 | 470 | 1460 ° 
7 pak (DI) } 360 } 280 | 380 | 210: 4200.. 
3 | My pyky - (npk) 360. |. 480 | 570 630: 4990 : 
aanicarive Tancz | m0" | ai00 | 200, | 20 | To00 


et ee 
° . 
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may Statistica analysis of data of T. able 8.20.—The data of Table 8. 20 


€ analysed in two ways. Method I gives the usual procedure. of 
Meta the total’ variability into different components, ‘while 


II ' i 
Yates - does the same thing ina short-cut way, which 1s due 


Both an methods will be presented here. 


; -METHO D *r —In this method, the procedure of analysis iS senile | * 
O the one we have already considered in 4 x3 x2 example. The various “2 


Steps involved are given below: 
Step 1, 


- (a) — Factor (CF) | 
= hls = 3156328: 13. 


(8) Replications Sum of Squares ($8Q,) 


w, (2270)9 +5: . + i a 


= 3217387: 50 — 3156328: 13 = 61058: a7 
(c) Treatment Sum of Squares (SSQ,)" 
ee +: (1050)* + Meer ~(1990)" = Cr 
| 4 | 
= 3377825- 0 — 3156328: 13 = 221496: 87 
(d) Total. Sum of Squares (SSQ,) 
= (200)? + (120)? + . + (630) — CF ae 
= 3560100-00 — 3136328-13 = 40377187 6 
(e) Error Sum of Squares (SSQ,) _ 
= 8S8Q, — SSQ, — - SSQ, 
= 403771 as 221496 - ‘87 — 61058: 31 = (21216: 63. 
Step 2. —Set up a preliminary ANOVA table as in Table 8 21, 








Oe Sh as Ys) re oe 
. ANOVA Table for data of Table 8. 20 + eo 
 hsouree | a sf : vss) 
Replications i | 7 3 | 61058. a7 -_ 2035279. 

Treatments | 7 221496-87 | 31642-41 . 

sae ihe che Oe 121216-63 || 5779-9 

TOTAL © yd 403771: 87. 





“. _ e . 
‘ ven "Gat a i eee : bE es 
6% eee - uy: Sm ee 5 iS ant ~~¢ we Se. 
= +2 3=3-: by Stet Sera a Sate. te . . 
yur eo GPL Te SRO AF aE cle. le ene. 
er 3 - Ne * 


Le | OO a ye 

5 co eel 
7 SUA 

a oa 2 


* s- ere 
Bit tet yes 
= i fee eae 
r= =Sb2 mAdaaeek, 
ee < 
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—— =r; id > 


' 
. « 8s < 
. - e - 
g o%, 1PM 
Bye sow 
‘ See eel 
So - re a Tees > 
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<* : 
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” step 3 —The ‘variability due to, treatments (i é., ssa) a ts a - ae 
up further into different components due to: main effects: a 
their. interaction effects NP, NK, PK and NPK. | 


First construct the following three-way and two-way tables a as in o - 
_ Tables 8° 22 (2), @), (c), (da). jf wh, 


- TABLE 8:22 (a) 
: | Three-way table i 








| “ty be hee = Bis ; 790 | 1240° 1050 ar. es, 


1990. 


| ‘ _ Ate : as 1050. - 1460 ° 1270 | 
“Tora | 1840 |. © 2700 2320 a | 


~ 10050 
: Seek (d) | ‘ =e ae (c). | | 
_ NPtable == ——~CSsé«< KK tcbdlg 





. , | — ; Pi | | Total , [a pw + 








| 2030 | 2250 | . 4280 °° |. 1840} 2440 
‘| a5i0 | 3260 | 5770. | “2320 | 3450 











en 


~“Torat | 4540 | 5510 | 10050 “yale | 5890 


 TaBie 8:22 (d) 
PK table. 








py. 1840 | 2700 


ke tad 
oy | 2320 | 3190 


5510 - 
‘Tora: | -4160° | 5890 | 10050-~ 








ST 









4 é 7 ‘ ok > - os 
- ro oe 5 * 
ss Pig 2 Bye i ?: : - ae 
» ~ 4 = +. i. ‘ ~ es - 
, -. ns. + ot de i 
3 : 1 es 
| es ‘s, - 


: su PR ae ’. yee ate ’ ~ i 
, - . i. te . > ry a etig. ett preye! 


— 
Lm 


, | a i 3a | oe _ aston’ AND ANALY OF HELD, 5 sles 


“ 
ASTR ¢ iz 
Lith Sas $ i : a 
a Aer SOP.” +> 
: a ty 3 Te 
Dt, eo, a Ei AO 
pet bow fon Baris a = 






















a2 : ae Moye vs) os eats, ; bu FO MPS Ne EY MT oti ND Te StS Or na fy 

yf! “iE aS Wore ie: * ry eats yee ik ‘ ee = ‘ i % 4 : 

3 ! 2 ie “5 Sum of r Square for N ( 980,). Ve eee a, GRE OE Bene he oF 
“i . 7 | 4 | 2 , Set ike ae aa 0 : = zp , 2 : cs | i 
He | : ; i : of ee ry 4 ot: G ge : Fi = So . ee ia oes Yelp ce 

i : a at ERs Ma Slee, aaate tye aye 
Oe Sum of Squares. for P ($8) 1a my oe PETE ORT eee f 


ee 
4 


z a es =! (4540) « a ey 10)* — 29403- 12 pees ae 


_ > we 
-__— 


—— 
a ee 
> : 


i i 9 ; 6 She rg Se ‘ ge eee RP. OE be 
| He ce Os sim. of ‘Saiiazes for K £ (8800. 
Ig itis -% = cg . I ot hie oe aoe te, eae a: 

| TR aS ‘ 


oP ote ee es as) 









“hia ‘ + ve ay ay 3 7 hy . = : 8778-1: 


mh 





| “i oo a: “2 7 ‘(2 Sem ae for: NK- interaction ($8) ee Be Os esis 
| | eae: a mutes (3450)? za ~ $8Q, = = “ $8Q,.- = “CF ee 


* ot oe ee b et Teepe” 
pear 8 . yo an Te Lee es Ds ae wie ~ Liss 
ran | . od “fs a ° ee . ' -) shee * 
1. : er Veet : ° , . L ease « g eae Eat Dean Y See ened ic} <> 
at hE a a ee “3 Iss 


ai y- 
cd 
t 
Wee 
Bt) 
ne 
Co 





| Reeararee ee = 8778- 13 (from Table 8. 22 ee rege ee yen oe 
¢ f )s Sum ‘of Squares for ‘PK interaction 2 (SQ) ae ie cots 


. - ° : . ~ea mayer > é & . Sie 
A ; 43 - - 33 . i i Ae a we ter oe 3 
es 3 ; A ary ate, aa ae ee So eS ae Mair Gal 
Re aes : ‘S a ae ¢ : ‘ ~ “awe Pate ee Oa ‘ : PP. es ver 

" : ri vA he Se Sts =>, Raed Oe Smad ‘ F Lrg a 2 wie se SI SS <n ast SOE 

2 7 . eg +) Tos ‘s tt : me , at lie - a i , 5ON" 

z a J * ce 5 hy . *." , ~ . ed *?) fr, yh 
oo” D4 ‘i = ’ mn ~ & » - . ‘ a vers ' 
. Nite 


if 
| , 

' o Ee phate? (Pe _ (18408 + £190)" “ $8Q, a $8 SQx a ones Sameera ae 
sh arse HA TARE EY P K neuorhataees, Ott este, ela? eons 
: =3- 13 (rom Table 8. 2 2d). SRLS Siege eR 2 


I. = Z 7 os sum of Squares for NPK interaction (SQ) : on. ee 
ee eas, = (190) + + Oy: Q $80, len 








pe Sa oe bate 2 = $50 = ~ $8Q, — 5 $5Q, = CF = = 11628: 12. By pe 


ae ee Step’ 5. Set up ANOVA Table as in : Table 8. 23. oe 


nial _ . oF a = | @). Tests of significance. = Bach’ effect may be tested tor: its ‘sigh - OES 
oP ea cance by. computin 2. the: appropriate F-ratio. of -the: ‘mean. Square for | me 


hy ! 2 he mn : that effect to :the error mean ‘square... “From. ‘the F-ratios | ae. 
wh Jast column ‘of. Table. 8.23, it is evident that excepting N, ie at the a 

| | 77S the other ‘effects aré found to be non-significant as ‘all ‘these Etatiog: roa 
ape 2 7 - fall below" the fable value ee 4, 32. at oz level for. 1 | and 21 At. pei 


I oe ee The divisors. are: defocmnisian in ‘each ite on 1 the same general principle ae 


} 
Wee. ~~ earlier examples.’ That -is, each divisor: shows the num te 
4 | og ie, al we Spi. ad To a) 16: “observations are ° added to na ee = 
3 ‘ ; ig te ee eg Le ne ar OEE ae ms Sie | 7 | y 
| 
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. : Mg 8 : 
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Niall oe” ng ; rp? °° ¥ me ig y ie *. AA aS : mc ale ry | roth oars se =% > cz .e x phe. rae . we ’ + F 
+ “4 . P * ‘. iy Pe Se ’ ‘ . . ter e . 
ver a . ou a . i) 5 rir <6 . 
OES “ANOVA T bl Jo data ! 
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0). ‘specific ‘comparisons. Tepiinatin ‘the: aalysis: snerely ‘at “the Mi Sear 
, “stage of F-ratios.may not throw much light.on the total. information: -- a 
# a ~~ contained. in the whole experiment. The researcher might-be interested © oe 
a ce “ito ‘raise some specific questions’ to. seek answers. for the’ samein: chis oe 
ae i “experiment... For. instance, : he’ ‘might. like. to know which of thecom- - » Ss - : 
gee _Pinations of N, P, K ‘Jevels ate’ ‘most. desirable: as judged from the | ° Lee 
“average yields; or whether the addition of any ‘one or both’ of. Peand).° 
& ‘bring. a significant change in response to the nitrogen levels.’ Further. et 
“the researcher might be interested to test one’or all of these hypotheses” ioe 
with ‘the intention ‘of. drawing conclusions simultaneously : ‘witha: ‘pre- | 
"determined level of confidence.” The method of: testing these. hypotheses 
Lh Sepenids: upon, as pointed out in sec: 3.3.2. of ° Ch. 335 whether.such © ae 
_- ~ hypotheses, are formulated before ‘experimenting. ‘or: after ‘inspection of |: fe 
j\ +. data.” The reader.may refer to the formulas in: the section cited above. ae 


~- We shall, ‘however, pomaides ‘below. some’ a lications of F thes 
i with a few illustrations. f app! . “formulas 


ws ‘ + =. ‘= 
i Aras ee ot Ree 4 ° Ms ie . yt: 1 aed 
A, ae . 


- 


-Q) Comparison of: all possible p pairs sofa means Storie aks a 
Sores: 

+ lies 4 in. comparing ‘all possible. airs of treatment. in 

Tukey’ s test given on p. 117 af Ch. “h nt means, we may choose _ 


We given »y. this: aia igs ies leas signiniance “irene 
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a : 


gang differengy 18 199°10 kg. per plot on Dunnett test while that 


VY, = 5772-21 (Error mean square from Table 8.23) with y = 21 df, 
from Table E, Appendix) so that. : 


 Thatis, for any pair of means to be significant at 5% level, the difference — 


Tt may thus be seen from Table 8.23 (a) that many of. the treatments 


- gtatistically: non-significant. 
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For a = 5%, t= 8 (number of treatments); r= 4 (number of replicates), oS os 


ey 
ae ea at 


aa . 


,? 
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the value of 9(-95, 8, 21) is found to be 4.75 (interpolated for 21 df = fy 4 
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isd, = 4.75 (+ [2°21 _ 180-45kg; per plot. 
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Should be at least 180-45 kg. per.-plot.. For ‘convenience, the treat- 
ment means may be arranged in decreasing order for indicating signifi- 
cant difference or otherwise of it, as in Table 8.23(a@). a 

ee oe PME 8.23 @) 
All possible pairs. of comparisons of treatment means by Tukey test. gt 
Treatment mpk nk mp ok pk on pe wl 
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Means 497-50. 365-0 317-5 310-0 300°0 262 








are not significantly: different, excepting perhaps npk. which has :consi-— 
derable higher ‘level of.yield in comparison with all other treatments. — 





--. (2) Comparison of other.treatments with.a control.—In the-present  - 
example since )p,k, treatment stands for nitrogen level. of 120 Ib.per == = 
acre alone, one. might be interested in knowing’ whether increasing the. ~~ #-= 
level of nitrogen or addition of. phosphate or potash would bring « — 
any additional changes in the yield of sugarcane crop. _ This obviously 
involves the. comparison of every treatment with n,pok,, and: therefore... 
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Dunnett test described in Ch.‘6 (Sec. 6:6.2) is an. appropriate «best. . a 
‘Since there are seven treatments (excluding the control nyp)k,), we find 


from Table G (Appendix) Dunnet ‘t’ is given by D, = 2-85 at 5_ 
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per cent level of signifiance for 21 df associated with the.error mean. 
square V,'so that the least significance’ difference Isd. that should exist = 
between: any, treatment: and the controlis. given by 0 


(oo 153-10 kg per plot. 


- 23 30-2 uy 
ao ee 


/ 


‘Thus a difference of at least 153-10 kg. per plot between tt aa 
ment Mop oko and any other. treatment. should. Rew before een apc i. 
significant difference at 3. per cent level. In other words; any treatment - 
whose average yield. is more than 197-50 + 153-10 or 350-60 kg.. per 
plot differs significantly from the treatment NoPok While all others. are 


-,. At this point, the reader may pause to note ‘why -the least’ s 


ignifi- 
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based on ‘Tukey § test 18 180- “45 kg. ‘per plot, since = this: we sine may 
make: some treatments non-significant on. Tukey's test, ;while 1.1 a 
|. 80 on Dunnett’s test. The reader need not. be. surprised to9. While 
°. py such. results, since each test does a different kind of ,job. ntrol, 
; Dunnett test makes comparisons of treatments with a specified CO 


—jn fact. Boe © 
treatment, Tukey's test includes many more comparisons— in ‘fa re oe 


all possible pairs. of comparisons and hence involves a more | genera 


type of inference from a given set of data; as'a result one has, to pay i eonteat | 


a greater price in the form of fewer significant results. In other wore ve 
the more general ‘type of -inference we intend to. make’ about..a: gi 


set of data, the more conservative ‘the test: will have to be in controlling Sa 
, the error of falsely declaring ‘a’ difference’as significant, when. in oe i 


it is not; and therefore less likely, to detect differences, of smaller mag- . - 
nitude. Both the tests, of course, guarantee the same predetermined 


level of risk. In fact, if the reseaicher’ 'S interest is to make comparisoiis aes 


of -all treatments. with a control and no. other pairs ‘are. i view, the 


_ Dunnett test is more sensitive than Tukey’s ; and further if. such’ com: as 


parisons are. limited to only a few .pairs, then» ordinary . t-test is. ‘more...’ 


sensitive than Dunnett. Thus the choice of a test may be made:. intends : ee re 
_ judiciously if the researcher makes a Cee distinction + of ' what I he i intea este Se 


to test. 


a 





3). or thogonal contrasts ¢.The teadée 3 is alteady: familiar’ with’ ‘the oe ae 
meaning and usefulness..of orthogonal contrasts in. formulation | and. eta 


testing of hypotheses. Since the df available for treatment. comparisons. - 
‘is 7 in the present example (Table 8;.23), we can think of-any- seven — . 


‘ contrasts which are mutually. orthogonal and when such- contrasts. ‘are este 


- +» formulated, . the. variability attributable to treatments (i.e.,- Treatment - | 
~ sum of squares SSQ,) may be subdivided -into: seven components, ore 
'-. for each contrast and may be used’ for testing the: hypotheses ; asso- 


>. elated with them. If one is not interested in*7 contrasts; one.may ~~ ~~ 


«Choose: a fewer number of contrasts and test only~ a fewer: number. of a 
_ hypotheses by the use of ANOVA approach given in Sec. 3.3..2° of 


_- (Ch. 3. For instance, let us. assume-that the researcher, at: the time of -. a 


: ‘conceiving ‘the present: experiment, was mainly interested im, testing for a 
the effect. of. nitrogen in. presence of different levels of. P and Ko To. eh, 
, be 5 pee, ‘Suppose he. was interested in the following effects : 
@ Effect of N at poite level of P and K which: is estimiated. aby 
nce mPoko — -MePoky = 1050 — ~ 790 = 260 ‘kg. per plot. | 


i) Effect of N at Diko, level of P and K which 3 is. estimated iby. 
: mpiko = NoPriky = 1270- — 1050 = 220 kg. per plot... 
~ iti) Effect of Nat Poky level of P and K which is estimated ae 
‘ mPok — noPoky = 1460 — - 1240 = 220 kg, per plot. | 
> dy) Effect of N at Prk, level of P and K which is estimated d by 
pik _ noPaka = —— 1990 - - 1200 = 790. kg. “per plot. 
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: The. ee should earn. to“ focsivatate proper. elites of . 
__ esatengnts PPPrOPEIRNG to fhe. eigets he Wants te test, Table 8 Sa %) 
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sets forth’ these contrasts in a:s stematic way ‘and. ithe : “reader may. 
_ €asily verify ‘that’ these four pe Hors are mutually orthogonal by re 3 
. Use of the rule that sim of the products of corresponding ‘coe ‘s te . 
_ Should add. to. ZETO, : Bach contrast has: one. df SO: what, 19: MSS. 1s e “i 
Haine ESQ. | a eee 
eS "Paste 8.23) gotta mae HE eee 
“Contrasts sof affects 5 pct above . Le, ere 
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(iii) EffectofN | 0 20-022: Q fog Be Es 0 0) 280-7 8B 
: -at Pok pee, dc © mpigte re te Seaway See ne So mate a ys cele eB Ds ee : 
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oe For computation of FSO see Pe: “125, Ch. 3. ae Error mean. square = S17. at f rabie 8 B) 
_ Contrasts ofa average c effets of P ‘and K for diferent levels of N. a5 oe : ae : 
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+O Fpf computation of $8Q see p. 425 Ch. 3.° f Error MSS=5772°41 (Table 8.23), 
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hk os’... The significance of each effect,may be tested. by-the. ratio of © Che 
i <) . . :MSS to ‘the’ error MSS obtained. in ‘Table ‘8.23. From ‘the Frratios =: ty 
fc: .. given ’at the last column of Table 8.236), it is noted ,that excePURE ae. 
‘ ee - the effect of nitrogen in. presence..of phosphate and. potash, rone JS oye 
“| s: Significant. In other words a significant increase in yield is ‘indicated 
oa he ‘due. to npk effect only. It may be pointed out here that ‘this type of ota 2 ten 
yf 4) analysis. provides a better insight into the amount of information COM: 00000." 
\.-° tained ina given set.of data. It is‘one thing to know from Table 8.29 0. ° 
bi ‘simply that N effect is significant and quite another to know where such a 
|: .. * am effect lies: from Table 8.23(b) above.. The above breakdown: 18 0 uc: i 
| _. ~~ but. one set of orthogonal contrasts.. One might construct yet other... 
~ types also and test for’.such-effects. One’ other set is‘reported 2 Ls 


¢. 


‘Table 8.23 (c) to give.an idea to the reader the usefulness of contrasts = 

and how from the same set of data one might get many kinds. of infor-)* 08 
: soae Each contrast has 1:df and so its MSS is given by the SSQ.. 
2 itgelf, 28 UA Be esa ein Ea as ty Bae as 


“particular effect, For instance, the total for theeffect of Patmlevel of 
. nitrogen is defined “by:.. (pik, — mh Poks) 1 ( ny pike Poko) and the. 
Tedder would -notice that: plus (+). sign: is written: cunder treatments 9) tc 
m pik, (= npk) and ‘mpyko(=np) :while minus: (—) sign is-marked . 0, 
under the other two mpoky(= nk). and: mPoky (= 1). The effects are oY 
‘computed by -substituting the treatment totals given at the top TOW 0 


of Table 8.23(c): Referring to Table C (Appendix) at 5 per cent level | = . 


oo 


for 1 and 21 df, we notice that the effect of Pat higher level of nitrogen “>... - 

"> jg significant, while the effect of P at lower level isnot. A similar trend. 

“js observed’ inthe’ case ‘of K also. -In other words there: is a definite 20288025 

| indication’ of response at one level of nitrogen while the response at 
~ the other ‘level is. non-significant. ).0 03 0 Sh 


es, . = EY el tess 





~ (4) Interaction ‘effects —Here a” pertinent. observation’ Would. be 
.. in order... From Table:8 -23 the reader would notive that none ofthe: .) 0. 
~ interaction’ effects’ is significant: but many. of the 'F-ratios ‘have. values. wath pated, 
Jarger than 1. However, from Table.8 .22(b) and (c), “we also notice ©... 
- that the responses of the crop..to different levels of = treatments :are> 
-.. gignificant for. certain levels and are not so- for - certain. other levels.) ** 


of treatment . combinations ; which “demonstrate ‘the ‘presence of :°. - 
- Gnteraction effect. “It may. therefore’be “remembered ‘that, while > >| 
“a significant F-ratio for.’a- general factor. of. interactions (Table: °° 
~.23 type) demonstrates’ clearly ‘the presence of interaction ‘treatment. 
effects, a non-significant'general F-ratio in Table 8:23 does not neces- = 
sarily estatlish the absence of interaction. Especially ‘in more.com:*-. 
plex experiments, where the number’ of df is larger-for’ interaction com- One Ate 
'. ponents, many components would be present ina two-factor interaction. - 9: 
~~ Some of which may. be’ significant and some. may not be $0 that the... 
~ ‘general MSS may not turn out to be significant'in ‘comparison with’ * 
"2 L.-Byrror MSS for the total interaction. Hence when F-ratio is: more 
_- than 1, sometimes it would be fruitful to test for certain specific ne a 


~~. ponents of interactions as in Tables.8 .23 (5). and (c)... .-.. 


oo &) All possible-contrasts —The ANOVA tests performed on pi - 
“pasts rgst on an important. assumption that such. contrasts are for. - 
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mulated before any. inspection. of data ‘is done. “Further hi ‘the meee | 
number of contrasts increases, it is not always guaranteed - that. an. ee ou eas be 
Overall significance of a per cent would hold good when one tries to make 2S eB 
joint ‘statements about all of them. ° Moreover, many. interesting | COM= 55: RUN 
_trasts, that is hypotheses, are generated as suggestions coming: from. . Bec tae 
experimental data themselves, which are . constructed only after- the; / 4538 
inspection of data. - In such situations, it is possible to test all imaginable a 
contrasts, orthogonal or nori-orthogonal, ‘before or .after inspection .~::. 
of data by the use of S-method due to Scheffe described ' in Sec. 3.3.2. . 
of Ch: 3. - This test would, of course, be more conservative and there; :. %: 
fore less sensitive for discriminating small differences—differences noe 
that might otherwise be detected more efficiently. by F or t tests. This... tar 
is the price one has to pay if one desires to draw more Seneral’ types oo ea 
of inferences about the OEE | asa | whole, dad 


We shall iHustyate this ‘method by "caninartig the dight contrats meen Ga: 
(i) to (viii) given'in Tables 8.23 (b) and (c):. The: reader may.add amy... fey 
‘number of contrasts to’ them, but the test criterion value does not depend 4h 
on the particuJar: number of contrasts although ‘it: ‘does: depend upon the 9 ne 
number of treatments involved’ in the: experiment. In fact all pears of nee 
comparisons can ‘algo be. included ier simultaneous, ‘testing: 


‘The specific steps are (ee. also Pe “134 Sec. 3 3. 2). 


| Step 1. Poripute: ‘the: ‘mean “effect ms “eadh Se oteat “These are aes 
given in the last but two. columns in Tables .8 .23.(6)-and: (c). (that i is re 3 
column heading Tr) and: reproduced. in Col. 2 of Table: ae 23: ee 


| ~-- 
nz 


Step 2 —Compute ‘the: ‘standard error | ere ‘each. contrast. 1. 
C= NX, Tvs eae od is any contrast, ‘then the standard error. ‘of, ee 2 * 


trast C is : given BYR a oe a et Be re ears Tag 3 
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pee V,=.: -Brror. “mean gquare ‘obtained ! in > “ANOVA 7 Table 8. 22 . : ig ey 
and r 1S: the number of replications: for each. treatment, | 
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i ‘For cumnile, ‘for the saintrant: ww) which ‘i is the average “effect of P - e 
at m level of acho in Table : 8.23 to) the: SE is gyn: ad etal i woo ®. 
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“Step 4 4—Compute ‘Schete' $ ‘s y value sven by — A me a : ; oe 
7. | : ee aaa - Vit= = DH F Ica ¢ “3S “1? ”). ms ie Ge ee a Pe Bey Be, - " = oy on 7 
“where te damier: of “treatments, F (a; Ce — ay ay ‘is. “the. ‘or 
™ F-vahue: (Table ( ot Appendix) for (t —.1). ‘and v df: associated with error © 


| -_ = hean square. Since t= 8, y= 21 in our esninple FWA, I ue we a. - 
<0 See 3 Bi a. See pene ei 





( “SeyTXT@=417. | | . 2. 
; i - Steps -—Declar a contrast as significantly ‘different from: ‘zer0™ 


Gf the value computed in Step 3 for CSE Os exceeds 4:17, the value | 
computed in Step 4, 


. | “Aen afd 7 : - os - TABLE 8.23 (a) | 
: ae - "Scheffe s method dof judging all contrasts [Tables 8. 3 (b) and ©] 





2 ea | : Avg. “* Sionifi- | 
Lah a ea : ‘Treatment ' | effect of : -| Signifi- 


" : Ik. ae re | n p np k ‘nk pk npk Sonrrast SE (©) C/SE(C) pc | ; 


0 | 65:0 | 63-72 | lea ° <Ae117 
0 55+0 53°72 1-02, <4:17 
0 | 65-0 | .63-72| 1-02 | <de17 
-1 + | 197-5 | 53-72 3°67 | e417. 
: , 
0 
i 





187-5 | 75-98.| 2-47 | <4.1; 
58-0 | 75-98 | 0-72 | <417 
| 282-5 | 75-98 | 3-71 | <aen7 
© | 150-0 | 7508 | 197 | <eun7 
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The. reader would. notice that on. S-method, “none of the “effects . 


vs s Significant and even those effects, viz, Cy-Cy, Gr: which were ‘significant ea 
in Tables 8.23(4) and (c) do not turn out to’ be significant, as. verlag : 


be expected, since Scheffe’s method is the most conservative of the several eee kee 
ee ERR Ba 1 


tests we have eoneneitk So far. and the most poe one too. 


at 
i i $4, 2 fon "2 
a) , ‘ ae f - ‘0 4 . 


As pointed. out earlier. the inane ‘may gad. any number ‘of. other ee 


+e. hr Bert, | 

; eat 2 

ae - 3 ‘ fi 
f ioe sat 


contrasts too, that he can possibly construct—orthogonal: or not, physi- ae 
cally meaningful or not—Scheffe’s method provides a means ‘of ‘making’ OG 
Statements on all these contrasts—in fact on the entire: experiment with aes 


used in Table 8.23 (4) and (c), for ‘the: same. contrasts,: -although « the ; : 


latter does not guarantee. same, a for making simultaneous Statements , ee 


when. one. desires to. do” $0. oe eS ah haiteeg ert i sevice oe eee ieee -. PS 


Before: losing this. section; we. , Wish: to > point « éut fo ihe eeabeds ‘that, 


SO long. as the number fof treatments (viz., t= 8 in- ‘our example). remains. 


the same, ‘the: value for: Ss = Vt — ay: F(a; 4 Po 5 v) depends entirely 
on =v; the. df. associated ‘with .érror. mean’ square” in the experiment.’ 
‘Thus for any experiment. since vis also fixed, ‘the value- of Sis also’. 


> fixed (equal to 4.17 in Step- 4 above) ‘so- “that” one can: test’ any 
- number—rather- call. imaginable contrasts in the ‘experiment. . ‘Thus 


S-method includes 8 all contrasts tested neers F, Ls » Dunnett and arubey 8 8 tests.. 


M- or” vi. 
~ 


In thesé sections : we ‘have given a x few idéas: about: a. ; ider: ‘analysis * 

; of data so as. to. squeeze: out as much information as - “sensibly - Possible *: 
“from an experimental data. . , Since these methods can. be’.used -in other 
- situations «also, | the reader may. use them with. necessary alterations: in: 
other types: and. designs. also." We shall however: ‘tefer to them’ quite: 
- often in future: chapters. ee UGE asc ts | pa oe) 
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For factorial experiments involvitig: Shani factors: eck: at. ‘two: 


i. levels only, Yates** has developed -an interesting ‘Short-cut ‘method: 

for analysing the | variability due to treatments (SSQ,) into. ‘different 
-components.due to. the main effects of N, P and K and theiy” interaction © 

effects NP, NK, PK and NPK. | The other sums of squares, -viz., SS 

~ §$SQ;, SSQz are found-in the. usual Way ‘as specified under | Method L. 

on page 210... This: short-cut method is pettane Rnown as ‘the es Suri 
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|. CHAPTER 9 
1 _ CONFOUNDED DESIGNS — 
: (Simple Designs) 


9.1. Inthe previous chapters, we considered two designs—Randomize 


7 


Complete Block and Latin Square—in an attempt to overcome the 


influence of heterogeneity in the experimental material such ‘as soil 
heterogeneity; by doing so, we saw we. were able to improve the effi- 
ciency of the designs by considerably reducing the error variance .SO: 
that treatments with smaller differences could be detected with greater 
precision. Normally RCBD and LSD are.no doubt the most useful — 
designs that can be employed profitably for many of the situations. 

However, when the number of treatments is quite large, as is often the. 
case with factorial experimentations with several factors. tried...at 
two or. more levels of each factor, even the RCBD or LSD fails 
to promise the homogeneity of the plots within blocks so. that . 


up. In order to solve this problem a new -device has :been. devised by . 


dividing each block into two or. more sub. blocks such: that the plots 
within each sub block are as homogeneous as. possible. Obviously, 
such a sub block. contains plots fewer in number than the number of 
treatments to be tried and is. thus an “incomplete block in the sense 
that not all treatments can be accommodated ina single block. : When 
treatments are allotted to such incomplete blocks, not all treatment 
comparisons can be made with the same precision as some. other com- 
parisons, depending upon which group of treatments get. together into 
different sub blocks. .Some treatment differences are no longer separable... 
from the sub ‘block differences so that. one gets. completely. mixed .up- 
with the other., When this is so, we say that treatment differences are 


- 
83 


confounded with the. sub. block differences. 


9.2.. CONCEPT OF CONFOUNDING 


Assume we have two factors—Nitrogen and Phosphate—each being | 
tried at two levels , aud n, for nitrogen and py and py for phosphate, 
thus resulting in four different combinations of treatments, viz., mpo, 
MPo> Mor and mpi. in the usual notation these. treatments are desig- . 
| nated by 1, 7, p, np. Assume further that it is not possible to think — 
ik of a single block of four homogeneous plots, so that two sub blocks 
es each with two plots are formed, to ensure homogeneity of plots 

within each sub block. Two of the. four treatments can be assigned 
to one sub block, while the other. two to the second sub block. Assume 
fora moment the distribution of the treatments to these sub blocks 
is as shown in Table 9.1." _ 7 an 





| . Rarely confounded design is, .resorted. to in the case of 4-treatmesit as | 
ever, the present consideration is for illustrating the meaning of eso al 
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the same problem of heterogeneity. of. plots within a block again crops. 
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that not all treatments can be accommodated in a single block. When 
treatments are allotted to such incomplete blocks, not all treatment 
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: with the other. When this is so, we say that treatment differences are 
' confounded with the sub block differences, 

‘ 9.2. CONCEPT OF CONFOUNDING 


Assume we have two factors—Nitrogen and Phosphate—each being 

tried at two levels m, and n, for nitrogen and Po and p, for phosphate, 
thus resulting in four different combinations of treatments, viz., MPos 
— ™Po, Mp, and np,. In the usual notation these treatments are desig- 
, Mated by 1, n, p, np. Assume further that it is not possible to think 
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TABLE 9.1 
Sub blocks 
Block | Block 2 
: | 
(72) | (np) 
is 26 
ae (1) 
”) i0 





The numerical values in the cells stand for, say, the yield weights 
in some units (em, kg, lb, etc.). The yield in any particular cell is a 
result of many effects—treatments, block and random. The block 
effect is specific to each block and is common to all the plots within 


that block, being determined by conditions of fertility, etc., peculiar to 
each block. Supposing, we krew that the fertility, etc., conditions — 


in Block 1 promotes an increase of 1 unitf in yield In. any plot in Block 
1 and similarly Block 2 produces an effect of 3 units in any plot in it, 


' irrespective of the type of treatment tried, then any comparison of 


yields between the plots of these two blocks will contain an effect of 
2 units due to the block difference, always in favour of any treatment 
tried in Block 2. We call this difference of 2 units a block difference 
(Block 2—Block 1). It should also be noted that the difference between 
any two plots within a block does rot contain this kind of block aif- 
ference as it cancels out. Thus the difference (np — p) of 13 units 
(26—13) contains, besides the simple effect of nitrogen treatment, the 
block difference of 2 units. If we knew this block difference, then the 
treatment difference can be evaluated as 13 —2— ]] units. When 
the effect of block difference is unknown to us, it is not possible to 
isolate this block cifference from the total difference obserded. Then 
we say that the treatmert difference is confounded or mixed up with 


ute the two main 
effects of N and P and the Interaction effect NP. | 


(a) Main effect of Nitrogen (N) 


N = Averege of two simple effects of N 
= 41) - (0) +@ — ay 
= 2 (26 — 13+ 15 — 10] 
= 2123 +3) —(2 + 1) 40441) —(7 43)] 
= 41(23 — I2+14—-743-144 —3)| 
= (Treatment effect)* + (Block effect) 
= 3([18+0]—9 (Note block effe 


4 a ; 
ct cancels out). 
l of some! control plot. 


j 


+ Let us say in comp 


arison with ili 
* Ignore, for the pre rertility Jeve 


sent, the random effects, 


Pia ee ee a 
Se ate 
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(b) Main effect of phosphate (P) 


P = Average of two simple effects of P 


| 


(7p) — @) + (p) — (1)] © 
[26 — 15 + 13 — 10)] 

(25 +3) — (14+ 1)+0241)-—(743)] 
$4 (23 — 144+ 12—~7)+(3—1+1—3) 
(Treatment effect) * 4 (Block effect) 


| 


4 
4 


| 


| 


! 


! 


3 [14+ 0] =7 (Note again the block effect is zero). 


(c) Interaction effect (NP) 


NP = Average of the difference between two simple effects 
of N (or P) 


= 4 [@p) —(p) —-() + OO) 

—1[(26 —13 — 15 + 10)] 

= }(23 +3) -(2+)-044+)+7+3)] 

4((23 —12-—14+7)+G—1—-1+ 3) 
(Treatment effect)* + (Block effect) 


| 


—}4[44+4]= 4 units (Note the block effect persists). 


i its, is found to be 
Note that the interaction effect, instead of being 2 units, 
4 units, This is because, the interaction effect and the block effects 
are both present. In other words, the block and the treatment effects 


are mixed up together and one is not separable from the other. if we. 


did not know the block effect. 


anne; at, i icular way the treatments 
t 1s ortant to note that, in the particular w 
are selgoet ie the blocks, the interaction effect contains even the block 
effect, while the main effects are nO longer affected by such nares f 
ment. We then say that the other unconfounded effects are  orthogona 
to blocks. 


d differently as 
On the other hand, if the treatments were assignv ere 

in Table 9.2. ihe arrangement would have confounded Bh? lel es 
of N, while leaving unaffected the other two effects, viz.. Mam. 


and the interaction NP. 


F FIELD EXPERIMENTS 
tt) ~ D ANALYSIS O ! 
DESIGN AN 





‘ 
ae TABLE 9.2 
3 
“ay | (1) 
tn) 10 


The reader can satisfy himself by working out the detai{s of these 
effects for the above assignment of treatments. 


9.2.1. Why Confounding ? 


If confounding confounds certain effects, why should one think 
of a confounded design ? 


As was pointed out in the beginning of this chapter, when the 
number of treatments increases then block size also increases resulting 
in a lack cf homogeneity of plots within such a block : 


of this, smaller treatment differences can no longer be ce 
greater precision as the error variance increases due to heterogeneity 
of the plots. Sc, in such a situation the block may have to be sub-divj- 
ded into smaller blocks and then by removing the variability among sub 
blocks within each replication, the error variability can be got reduced, 
much smaller than ‘it is in RCBD. It may be immediately recalled 
this is what we did in RCBD over CRD. This wil] confound certain 
treatment effects. Generally, only such treatment effects these are not 


of much interest to the experimenter, are confounded with the block 


confounded by allotting the treatments as 
design will enable the comparison of oth 
precision. On the other hand, if the main effect of N 1s of less impor- 
lance and interaction effect is 


any event the experimenter 
G lv: Out this before deciding the 

K ita Uy IM, fi ; rs, 

the highest order jn i ¥ he case of three or more facto 


ctions are cop ve 
and the other interact; confounded so that the main effec 


on. effects are estimated with greater precision 


9 3. CONSTRUCTION OF CONFOUNDED DESIGNS 


OMStruction 


e 
seneral mechanics confounded 


comnlestt a some simple and ao 

| ly Of the ‘des; 1. Only a Ie 

Complex with a a through Ulustrations for they Besoin more 

they are beyond 4 spe : Aa na these will be omitted as 
IKe this, : 


; designs ‘e certain — 
derlying such desior éns, there are 





H 
f 
' 





gene 
bloc! 
erro: 
such 
Onc 
trea 
depi 


the 


NP 
can 


Zee * 


————— 


“eee TFT, 





Ss a sess v8 ag Of all confounded 

ach complete block, containing as man 
gat CALM wees . (Saks % as many plots as there are treat- 
s, 1S obi Into smaller sub blocks (containing homogcrcots 
ats), Ue TUES: of sub blocks being de oe a 


. termined 
{csigMss the number of factors and their levels: cd by the type of 


fhe tree 
he allocated to these sub blocks in a specific way Pcl ne ‘te 


effects to be igre doer ge Each sub block being incomplete, all the 
cub blocks wil tig form one complete replication of the experi- 
ment. There can, of course, be any number of such replications. 


designs, it may be stated 


In this chapter only simple designs will be demonstrated. To 


ctart with, we can consider the design 2 x 2 x 2 factorial, with three 
factors cach at two levels. 


93.1. 2X2xX2 or 2° Factorial Design 


Since the case of 2’ design hardly occurs in practice for a 
confounding situation (the number of treatments being small), 
the case of 23 factorial design, being more common in practice, will be 
considered for confounding situations. If one suspects the block hetero- 
geneity, confounding scheme is to be decided upon or as otherwise the 
block heterogeneity will itself add an additional source to inflate the 
error variability. If, on the other hand, one has no reason to suspect 
such a thing it is preferable not to use ary confounding in the design. 
Once the confounding is decided upon, the question will be which of the 
treatments should go together into a block (incomplete) which will 


depend upon the effect one desires tq confound. 


As an illustration of a 2° factorial experimertation let us consider 
the situation of three fertilizers N, P, K each being tried at two levels 
thus constituting eight treatment combinations MPoKy, Poko» MPrKo> 
MyPoKas MPrko; NPiki, MPoks and mpk,: In the usual notation these 
can be written as 1, 7, Pp, K, mp, pk, nk and npk. 


As a first step, let us list out all the effects in the form of the treat- 
ment combinations. We have already seen for a 2° design, there are 
3 main effects, three first order interactions and one second order inter- 
action, These effects are represented as follows :* 


Main effect of 
Nt =@@7—NPtVDKE+Y) 
= (npk + nk + np +1) — (pk +k EP HY 
Po =(n+1)(pP—-NE+ 1) 
= (npk -- np + pk + p) — (ak han + k +1) 


EE ECEepeee 


* These formulae are true only when factors #re tried at 2 levels, pee page 
223, Sec. 8.6.7, | | rata ene 


— t The common’ divisor 4 is omitted, 
Nag ee ee P o« £* 
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bey ls k — 1) 
_(nt Dt YE 
. — (npk + uk + pk -+- k) — (ip ap +? 1), 


Interaction effects : 
np =r — DO- DET 
= (pk -+- up .k- l= (nk -- n -- P -|- p). 


k — 1) 
NK =(2— D+ VE 
= (npk + p + uk + 1) — (np + pk +n +k) 


PK =(n+)e-Y)E- 1) 
— (npk +n + pk +1) — (up + nk +- p + k) 


NPK = (2 —-D@- 1) (k — 1) 
= (npk +n +p +k) — (up + nk + pk + 2). 


‘< easily recognisable that in each of the above, there are 4 term, 
pits nelitve sign se 4 with negative sign. All that one has to do js 
to decide upon which effect one wants to confound and then assign the 
positive ones to one block and the negative ones to the other. This 
automatically confounds that particular effect with the block differences, 
leaving others completely uraffected; that is, the other effects are 
orthogonal to the block effects. If, for instance, one decides on con- 
founding the triple interaction NPK, one should assign the treatments 
(npk, n, p, k) to one sub block and the treatments (1, np, nk, pk) to the 
other sub block. This will confound NPK effect with the block dif- 
ference, leavirg other effects untouched. In other words, the assign- 
ment of treatments will not enable one to separate out the NPK effect 
from the block effects, but at the same time will enable one to estimate 
all other six effects without loss of any information but with the advat- 
tage of greater precision as if the eight treatments were all tried in a 
single homogeneous block. This is the real advantage of the con- 


founded design, but at the cost of complete loss of information about 

the confounded effect itself, viz NPK. So, the investigator should 

——- careful judgment about which effect is to be confounded. 
a 


st as a general rule, the triple interaction NPK j y confoun- 
ded since,in practice, itis the least PK is usually con 


nce, ir . Important one compared to other 
ek ae 9 difficult to assign a physically meaningful inter- 
here might be a Specific reason wherein the investl- 

in triple interactions while )s 


| rar , » 1S not there, because some knoW- 

he ppt ned ace rier Previous experiments. Tn such a case 

nk, n) to one block he ha of FY by assigning the treatments (mpk, "P» 

All that one has to on” WP P: &, 1) to the other block (incomplete)- 
One has to recognise is, wh ock UM”. 


atever effect is confounded it is tha 
Important one j deals is 
ages replication, then eith yc,"en situation. If ther? 


main effect of, say N, 
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(a) Treatment Allocation.—Firstly th 
silocated at random to sub blocks within each re 
dom ona ma of treatments within cach sub block shoul 
one separately for each sub block. Further, this prj ol “oe 
be felines for every block in eV 7: principle should 
domization 1s resorted to, a fresh s 
oa mm for treatment assignment. Sct of random numbers js to be 


(b) Le ge a: re ‘Statistical anal 
design im the case of factorial experiments. ; 
two levels, remains practically ibe same as in tae : 
considered in the previous chapter. However, in view of the fact 
that some treatment effects are confounded with block effects the 
analysis would undergo some minor modifications to take this factor 
into consideration. Since each factor is at two levels, Yate’s method 
delineated in Sec. 8.6.5-p. 220 of Ch. 8 comes handy for analysing 
the treatment sum of squares into various components, excepting for 
those effects which are confounded. The procedure of analysis is 
illustrated through the following example. 


ysis of a confounded 


An example.—Table 9 .3 shows the field arrangements in sub blocks 
of four plots each for 2° NPK trial in which the three-factor inter- 
action NPK 1s totally confounded in all the four replications. 


The reader would notice from the treatment groupings in the two 
sub blocks within each replication, the difference between sub block 


totals in each replication results in confounding of NPK interaction 
effect with block effects. 


Step 1.—Analyse the data using Yate’s method given,on page 221 
for determining the variability components for various treatment 
effects. However, the component of sum of squares pertaining to 
NPK interaction is to be ignored atthe end since this effect has been 
confounded in all the replications. This 1s shown in Table 9.4. 


Step 2.—Compute: 


(a) Correction Factor: (CF) 
T? (8240)? 
CF 9 a 
(b) Block totals. | 
B, —_— 954, By — 1020, Bs — 765, By —_ 513. B; = 1334, 
B, = 1351, B, = 1419, Bs = 882. 
(c) Block Sim of Squares: (SSQ,) 
9 2 2 
SSQ, = By + By? +. ot Ba WOR 


bi 





= 2121800 


(r= number of treatments in each block), 
_ 954)" a + (882)? _ 5121800 


= 2300123 — 2121800 = 178323, 


\ 
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TABLE 9.3 


= ' interacti ith sub blocks for a 2° factop; 
onfounding of NPK interaction with sub | Sactorig) ,.. 
se natal values in the table give yield of sugarcane in kglploy 4. 




















Replication I | Replication II 
cern ine Ve ar Gaacmnad een oe) Cae eae vee 
Block 1 Block 2 Block | Block 2 
p (Q) | pk n \ 
252 300 125 123 
ae np nk _ pk 
_ 355 _ 335 230 143 : 
k kee Pe k | 
ABI cede 1.230 a2 
: npk | nk Pp : 
210 ! 155 35 
Block Total] 954 | 1020 413 












Block 1 
(1) n nk 
305 270 247 

pk k pk 
221 371 210 
np npk np 
353 434 217 
nk p (1) 
457 344 208 


Block Total 1336 - 1419 882 
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TABLE 9.4 


aleulation of treatment CHects using ve ake 
C & Yate’s method of sum and difference 


ee en ta 
neni, 





ee 








cage a | Fn ge anaes 
Tet =i donee | C15 | te 
“> | Ot | a™ ca See nee ee Lae 
(1) @ 6 (4) (5) (6) (7) 
993 | 1937 4071 240 | 2121800 CF 
‘i 944 | 2134 4169 596 8646-13 | ON 
D 999 2168 sr 28-13 P 
np 1135 2001 439° 604 | 11400-50 | NP 
k 1079 | .—49 et: 300-13 K 
nk 1089 | 136 —167 352 3872-00 | NK 
pk 786 10 185 —364 4140:50 | PK 
npk | 1215  @ 419-234 1711-13. | NPK 











(d) Total Sum of Squares (SSQ._) 


SSQ, = (252)? + (355)? + .°. “+ (208)? — 2121800 
= 531044 — 2121800 = 319244 
(e) Error Sum of Squares (SSQ,) 
ssa, = §SQ, — 8SQ, — SSQ, (ignoring NPK-  com- 
ponent) 
= 319244 — (178323°+ 8646°13 + ... + 4140-5) 
— 112533-61. 1s 
Step 3.—Set up the ANOVA Table as shown in Table 9.5. 


d in the usual way 
— ficance of each effect is teste 

y sompiting the Esato of MSS cates athe Error MSS, 
Sinc t example, none of the F-raul 

cant, the call eomclunions is that no ¢ sad 1s tou to be statistically 


Significant. 
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TABLE 9.5 


ANOVA table for data of Table 9.3 


Source df SS MSS F-value Foe 
eee AA CLL NOOO Og 
1. Blocks 7 178323 25474-71 4-07 
ort 1 8646-13. 8646-13138 nay 

p [ ss: 2813 ageia' <1 

NP 1 11400:50 1140050 —-:1-82 

K l 300-13 300°13 <1 

NK 3872-00 387200 <1 

PK 4140:50  4140°50 <I 

Error 18  112533-61 6251-88 

TOTAL 31 319244-00” Pe 





However, when some of the F-ratios turn out to be significant in 
an experiment, the investigator may perform further analysis of data 
by constructing suitable contrasts specifying specific effects or hypo- 
theses. These effects may be then tested for their significarce by the 
use of appropriate tests given in Ch. 3 and further illustrated in Ch. 8. 


9.3.2. Confounding in 2° Series 


The above principle of confounding any chosen effect with block 
effects may be easily extended to the cases of more than three factors. 
For instance, in case of 24 factorial] experiment involving four factors, 
each at two levels, there are 16 treatment combinations requil- 
ing 16 plots in a block for one complete replication cf the experiment. 
mney gg olge oan of 16 plots may introduce heterogeneity cf plots, 
“hi itd ‘3 r hci to fertility variations in field experiment, it may 
rial oa . i oo of splitting the 16 plots into two sub blocks, each 
marek cme - ots. 2 a result of this, one effect will get confounded 
(6 eal ects, depending upon the groupings of treatments into 

groups. If one chooses, for instance, the highest order inter- 


action, say ABCD, where 
the 16 treatments ‘can be a , B, C, D are four factors, each at twc levels, 


so as to confound ABCD 
2° experiment. If we ext 
the eight treatment combi 


In the same way as was done in the case 0 
end the principle of 23 experiment — viz., allot 
Hations with positive Signs to one. sub block 


‘ 


rouped into two groups of 8 treatments each 


en un 
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> other eight treat ye 
and the ane i ements with ne ative gi 
block, the treatment Sroupings will be hs ie hie Se the heed sub 
sjon* for ABCD interaction: : panding the expres- 


ABCD = 


— 
—~—~. 


(a— I)(b — I) (c~ 1) (d— 1) 


(I -- ab + ae + ad -+- he -- hd “++ ed -+- abed) 
—(a-+b - 


’ |; d +- abe +- abd -- aed -+- bed) 


For complete confounding of ABCD interaction, all that one has to 
dd is to allocate the treatments (1 


, Ub, ac, ad, be, bd, cd, abcd¥*to one 
sub block and (a, b, c, d, abe, abd, acd, bed) to the other sub block. 


This will automatically confound ABCD interaction with block effects 
leaving all other effects—“main and other interaction effects—vn- 
affected by block differences. \If one prefers to confound, say, ABC 
interaction instead of ABCD, the’ treatment groupings are suggested 
by the expansion of the expression for ABC interaction, viz., 


ABC = (a—1)(6— 1) (¢— 1) (+1) 
= (a +b + c+ ad + bd + cd + abc + abcd) 
Gl Spyao + ac + be - d+ abd —- acd + bed) 
The treatment groupings are: : | 
Sub block 1: (a, 5, c, ad, bd, cd, abc, abcd). 
Sub block 2: (1, d, ab, ac, be, abd, acd, bcd). 


(a) Treatment Allacation.—In the actual lay-out of the experiment 
in field conditions, the groups of treatments are allocated to sub-blocks 
at random and the individual treatments in each group are also. 
allotted within each sub block at random. This procedure is followed 
for each replication, each time a set of new random numbers is — 
to ensure complete unbiasedness in the allocation of treatments to 
different plots. . 


ot] inciple is involved in the 
tatistical Analysis—No , new principle Ts | 
siutinttoal analysis of data in the case of 24 or 2" experiment. The 


he reader would, however, 

same as in 2° experiment. T 
tc ignore the specific component cf the co or gar glint 
to be shown in ANOVA table as the same, Is confounde 


effects. 


90,4, PARTIAL CONFOUNDING 


, ees es fs . 93 confounding design, resulted’ in 
The procedure, illust nation about NPK effect, since the seme 

the complete sacr! - in all the four replications. os reid matimnk 

effect is woagavale sent? din Rep I only and not ay nation about, this 

the a ie: scolications would havesprovidet eS 
othe 





* See Sec, 8.6.7, Ch. 8): 


et 
: z rs, 
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an information would be only @ partial ¢ 
nes nae thom oe formation from all the four replications, Bus 
-ement for not confounding pe : " brie ate gay q 
i require thic confounding oF some 7. 8 say NK j | 

obvi PK in Rep TIT and NP im. Rep TV (rane - Ae The result 

of such a procedure of confounding would ho again iN partigt 
‘nformation about these clfects, Vz. K, PK ane P, For instance, 
information about NK which 15 confounded 1 Rep If may be obtained 
from other replications I, Ill and TV, while the information about PK 
which is confounded in Rep II may be obtained from replications 
I, IT and IV, etc. In other words this mew device of confoundin 
defferent effects i different replications results in some information 
on all the treatment effects, though the information so obtained is only 
tial. Such a device of confounding different effects in different 
replications is known as « partial confounding”. In fact, the reader 
should recognise that in none of the replications the main. effects N, Pp 
hich complete information js 


and K are confounded as a result of w 
preserved about these effects. Since NPK is confounded in only one 


of the four replications the loss of information about NPK is only 
1 or 25 percent. This is true of other effects, NK, PK, and NP, also 





ge 230 previously may be 
different sub blocks in dif- 
Table 9.6. 


The algebraic relations stated on pa 
used in the allotment of treatments to 
ferent replications. The same is shown in 


TABLE 9.6 
Grouping of treatments for confounding 
a em merase a 2 SSE I aT I a ERE Ia 


Confounded Treatment allocati | 
oe ation to psiciarsaieas 


Sub block 1 Sub block 2 
1. NK npk, nk, p, 1 n, k, np, pk 
2. PK mpk, pk, n, 1 nk, np, k, p 
2 NP npk, np, k, 1 nk, pk, n, p 
4, | 
NPK npk, n, p, k, np, pk, nk, 1 


Sienna 


This plan is shown i 
experiment. own in Table 9.7 for a 28 partially confounded 


(a) Statistical Analysj 
different replicati nalysis.—Since differen . 
experiment ae a Statistical analy es ah confounded i 
€ this factor into Oxi tteation. He nfounde¢ 
owever It 





* Any other 7 
Any ¢ plan, say of 
‘es confounding main effects may also be thought of 
7 . 7 L Ps i . ° ’ Bi 7 
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TABLE 9 .7 


Field arrangement for 2X22 NPK trial (partially confounded) 
_ 


| 
Repli- Inter- Block | | Block 2 
cation action a, 





Sunn 


—_--——— 





_-— 





confounded | Treatment Yield | Treatment Yield 





; I | NPK kK (252) | nk (300) 
| n (355) | pk (335) 
| npk (137) | np (230) 
| p (210) 1 (155) 
| Tora 954 | ToraL 1020 
7 | ONK’ | Oopk 23) «Lia 
np (143) npk (230) 
k (212) p (180) 
n° (35) nk (230) 
‘ToraAL 513 a TOTAL 765 
m | PK 1 (428) | nk (305) 
n- (196) p (221) 
npk (368) np (353) 
pk. (359) k (457) 
TOTAL 1351 TOTAL 1336 
oy | oNP k (270). pk. (247) 
np (371) n (210) 
1 (434) p (217) 
npk (344) nk (208) 
TorAL 1419 TOTAL 882 
Note.—The re 


plications, the treatments to sub blocks, etc., are all allocated 
at random. , 
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may be pointed out that the general framework of the analysis re. 
mains the same as in 2° unconfounded experiment, except that com- 
putation of sums of squares associated with different effects will have 
to take into consideration that confounded and_ 
are now based on different numbers of replications. 
same reason, the Standard Error formula for comparing pairs of means 
will also undergo slight modifiaction. 

The procedure of analysis is illustrated through the following 


example involving three factors each at two levels. 


Example: Table 9.7 gives the plan lay-out along with yields for 
a 28 NPK trial confounding different interaction effects in different 


replications. 


and unconfounded effects 
Because of the 





Step 1.—Compute: 


(a) Block totals: 
B, = 954, B, = 1020, Bs = 513, By = 765, B, = 1351, 


Bz; = 1336, By = 1419, B, =-882. 
(6) Grand total: 


T= BUR, +... ER, 
— 954 +1020 +... +882 = 8240 


(c) Correction Factor: (CF) 
2 2 . 
pe ey = 2121800. 





- CF = 35 = 39 
Step 2.—Obtain | 
(a) Total Sum of Squares :(SSQ.): ( 
SSQ, = (252)® + (355)? + ... + (208) — CF 
— 2441044 — 2121800 = 319244 f 


(b) Block Sum of Squares (SSQ,): 
Ss, <n te a + Be” op 
954)? | ae $2)" 
os ee — 2121800 
= 2300123:— 2121800 = 178323. 


The division in (0) is 4 since each block total is a sum of 4 numbers. 
Step 3 (Computation of Treatment Sum of Squares).— Since the 


main effects are unconfounded, while each of the interactions NP 
NK, PK and NPK is confounded in one replication, the modified 
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method of computing SSQ associated with different effects are as 
follows - | 


a) For the computation | of the unconfounded effects, use the 
treatment totals over all replications. In the present example, since 


the main effects N, P, IX are unconfounded in all replications, Table 
9 .8(a) gives the treatment totals over all replications. 


(b) For the computation of SSQ for each of the confounded effects 


use the treatment totals of only those replications in which that effect 
-; not confounded. 


Since these totals vary from effect to effect [unlike in Table 9.8 (a) 


for unconfounded. effects], the totals of the treatments are reported in 
the body of Table 9-8 (6) itself. 


Step 4.—Finally compute Error Sum of Squares (SSQ,): 
SSQ, = SSQ, — SSQ, — SSQ,* 


= 319244 — 178323 — (9972-26 + 12941 -26) 
— 118007 -48. 


Step 5.—Set up ANOVA Table as in Table 8.9. 


(b) Tests of significance—The effect of each treatment may be 
tested for its significance in the usual way by computing F-ratio for 
each effect MSS to that of Error MSS. In the present: example, it is 
found that none of the effects is significant, since all F-ratios are below 
Table value of 4-45 (Table C, Appendix) for 1 and 17 df. However 
when F-ratios are significant, the investigator would be interested to 
test for various kinds of hypotheses concerning treatment means. Since 
some effects are unconfounded in all the replications, while some are 
confounded. in.a few replications, the number of replications for different 
treatments will thus be different. Hence it is necessary to use appro- 
priate formulas for standard error for differences between treatment 
means, if one is considering the comparison of selected pairs of means. 


The reader may recall that the Standard Error formula for the 


difference between any pair of means with m, and mn, number of repli- 
cations is given by (p 35. Ch. 1). 


afl, Uh 
SE, = an We nae 
Be As Ny + Ny 
where s? = Error MSS in ANOVA Table 9-9. 


This formula may be used for computing the SE of the difference 
between any pair of treatment means by using appropriate values for 


m and n,. Student ‘7’ test may then be applied for testing the dif- 
ference between a pair of means. 


RE 


* SSQ, = Sum of two SSQ’s in Tables 9.8 (a) and (6). 
® 
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DESIGN AND ANALYSIS OF FIELD EXPERIMENTS 
TABLE 9.9 
ANOVA table for the data of Table 9.7 








Source df SS MSS Fate 
Blocks 7 178323:00 25471°7] 
N l 1378: 13 1378 +13 <i 
P ] 338 :00 338-00 <I 
K l 8256: 13 8256°13 1-19 
NP i 2420-04 2420 -04 <l 
NK |* 3952 -67 3952 -67 <I 
PK ay 360°38 = 360-38 << 
NPK | le 6208 - 17 6208 - 17 <1 
Error 17 118007 -48 6941-62 
TOTAL | 3] 319244 -00 





* Indicates partial information due to partial confounding, from 3 of the 
4 replications. 


9.4.1. Partial Confounding in 2" Series 

In the previous section we considered an illustration of a 2° ex- 
periment involving three factors N, P, K each at two levels. Further 
we also made it a special case in which each of the four interactions 
NP, NK, PK, and NPK was confounded in only one of the four repli- 
cations, while the other three’ in which the effect was not confounded 
gave information about the same. In comparison with the main effects 
which were unconfounded in all the four replications, the precision of 
information. for the confounded effects was thus 75% of that for the 
main effects. This principle may however be extended to a case of 
more than three factors, say 2', 25, etc. The construction. and analysis 
of such designs remain the same as in the case of 2° design. For a 
balanced condition, the number of replications will vary depending 
upon the number of factors (n) involved in the experiment. 


It may however be pointed out that there is that 
: No | ! no general rule 

every interaction effect should be confounded in the same number 
of replication (e.g., as was in example above with each effect confounded 


im one replication only), although this is the most desirable feature} 
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there 1S otherwise no special reason to be different, since treatment 
omparisons of all interaction effects are made with the same precision. 
put there may be occasions when some interaction effect is more impor- 
rant than others. For instance, in an experiment involving three 
factors each at two levels—Irrigation (level /,, level J,,), mode of fertr 
iizer application (I split dose, F; single dose) and varieties (V, Hybrid, 
V; local)—the investigator may be interested more in the interaction 
effect of irrigation and fertilizer dose (IF) than in IFV, FV or SV or other 
types of interaction. So he may desire to gather more information 
on IF interaction than on others. He may thus prefer to confound 
IFV in two replications, FV and IV one in cach, and Jeave [F interac- 
tion unconfounded in all the four replications. In this case, the infor- 
mation obtained on each of the main effects I, F, V and IF interaction 
is complete (10094), while that on interaction IFV is only 50% (2 of 4 
replications) and for the other two interactions FV and IV, it i: 757, 
(3 out of 4 replications). 


The analysis of data remains the same for finding out sums oi 
squares for various treatment components as given for 2° experiment, 
except appropriate divisors are to be determined based on the number 
of plots in which the treatment appears in those replications in which 
the effect is not confounded. Tables 9.8(a) and (b) set forth the 
scheme for such an analysis. Since the precision of estimates, as 
pointed out above, depends upon the number of observations gathered 
on each effect, it is generally preferable to use symmetry in confound- 
ing of effects so that all are estimated with equal precision. 


9.5. CONFOUNDING OF MORE THAN ONE EFFECT IN A REPLICATION 


The special feature of confounding in examples we have consi- 
dered so far is that only one effect is confounded in each replication, 
the effect either being the same in all replications (Sec. 9.3.1), or being 
different in. different replications (Sec. 9 .4). Sometimes when experi- 
ments involve many factors, each at two levels, it may be necessary to 
split a total replication into more than two sub blocks to achieve greater 
homogeneity among the plots within each sub block. This way we 
may increase the precision of treatment comparison, since much of 
the heterogeneity due to fertility variations may be removed through 
sub block variabilities. Thus one can extend the simple concept of 
confounding of an effect in a replication to confounding of more than 
one effect.in a replication, the choice of effect for confounding being 
based on the relative importance, usually the highest order interactions. 


For the sake of concreteness, let us consider the case of a 2* 
experiment which involves four factors, each at two levels. In Sec. 
9.3.2 we considered the case of confounding a single effect using two 
sub blocks of size 8 plots. This size of a sub block is quite adequate 
for many field experiments. However, for the sake of illustration which 
keeps algebra of groupings of treatment to a convenient minimum, 
let us imagine that even a subblock of eight plots does not guarantee 
considerable homogeneity of plots within sub blocks. Sometimes in 
pot culture experiments and other animal and laboratory experiments 
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The sixteen treatments will now be divided into four Zroups of 
four treatments each and each group being allotted to one of the four 
sub blocks. So far no complications. 





But the crucial question is how to divide these 16 treatment com- 
binations into 4 groups of 4 treatments each? This can be done jp 
many ways but one has to choose that particular’way which would 
not confound the effects in which one is interested. This needs a little 
explanation. ae 


In the case of two sub blocks of eight plots eacl , the confounding 
‘is easy by choosing any one effect such as ABCD for confounding. 
But when we have four sub’blocks, each with four- plots; 'then not one 
effect will be-confounded but more than one will be confounded. 
Actually since there are four sub blocks, there will be three degrees 
of freedom and one effect for each df will be confounded. Thus three 
effects will be confounded. It can be shown that one can choose at 
will any two effects to be confounded and a third one based on the 
above choice will also be confounded. Thus if we choose to con- 
found ABC and ABCD interactions, then automatically the main effect 
D is also confounded. ' If the choice were to be ABC and BCD inter- 
actions, then automatically AD interaction is also confounded. The 
third effect that wi)J be automatically confounded can be determined 
by the product ABC x ABCD — A*B°C2D == D by treating “each 
squared. letter (as unity. Similarly, ABC x BCD — AB2C2D = AD 
porto ag C* being squares, each will be equal to unity by the above 


Obviously there are many choices of selection for confounding 


the three effects, and i area tetas . 
eHoats. one has to exercise a judicious choice of these 


Table below lists out all the effects for 
Mair effects - } 


convenience. 
) four; A, B, CD 
Ist order interaction - SIX; AB, AC, AD ‘BC, BD, CD 


op PAR! hese RECT MERE aE nape: 


a. 2 - : ie “3rd -Order interactian’ one pa ABCD | 7 nee 





CONFOUNDED DESIGNS | Bi cee a vs TEA oe 
eo Bi if one likes to DEvecnS all the inain . effects and five af the oe t eSNG iene 
~-s ipteractions; pe aS oe a AB and, ACD as the two niterdstione 
tor confounding ha : : “ire, one BCD automatically confounded. 
if, on the. other hanc., one, sc ‘oO preserve all the 2nd. order. inter. - 

: actions and the fou eres elects, one has to choose. to confound AB: --- 
qnd CD (or any two Ol them) effects with ABCD automatically con- 
founded. Yet, if one’s interest is in all the first order interactions, he 
may select one ma effect say A and a second order interaction BCD, 

9 that with ABCD also confounded, all the first order interactions 
are free off the block cifferences. Thus it depends upon the purpose 
of the experiment. — ; | : 


Groupings of treatments—Supposing one decides on practical 
consideration, to confound AB, CD and ABCD interactions, the next 
thing is to decide the groups of treatments that should go into each 
of the four sub blocks. Since it is beyond the scope of this. book to 

































5 into the details of mathematical principles of confoundings, only 
the working rule will be given for the present situation. , 
: Plan.—Scheme to confound AB, CD and ABCD interactions: 
- "Interactions [os eee ab c ac be abe 
ep foo ac +o Pe ee ee 
- ABCD. ~ poe Y [i ee 
: jnteractionea : id dd ibd abd | cd acd bed rises 
. ees a 
AB fee ee rece ee : 
| D ea 
CD — ee : 
, ue ue a os at < 
| ~ ABCD enero | 
7 | ee es Sign combination. 
E | Be 2 pipek 1c seb ede bee one ace 
Vs ee ee Beek 2 (pe te, ee i ae) oe 
ee ae ee er ee 
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Step | — gies ab, c, ac, bc, abc, d, ad, bd, abd, ed, acd, por i 
in the ord ee af writing is impor tant, Je a 
St RP tt ag the appropriate sign (-+ or —) yng 

: ne for the chosen interactions, AB and/CD. This sa ceth: 
treatmen ly 


formulated by expanding the appropriate expression : Casi a 
oye : | 
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ABCD = (a—1) (@— D(e— Dd ~ J). 


| = See Sec 8.6. 
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Note.—For the last interaction ABCD, we can obtain the sing 
by multiplying the signs (-> or —) of the two rows-for AB and Cp. 


Example: Under treatment a, the product of (—) AB and (Hes 
CD would give rise to (—) ABCD. ee i Saees | 
Step 3.—Write down the treatments having similar sign pattern. 

The four sign patterns are: | , 
eelcks: ——-+, ert a fae terete 


+ 
tt P eS 
ek 


Treatments having the pattern ( SB see. are. ; : 
| | : | [1, ab, cd, abed] 
Treatments having the pattern (— — +) are: | 
| [ac, be, ad, bd] 
Treatments having the pattern (— ee are - | | : 
oe [a, b, acd, bed] | 


are: 


Treatments having the pattern (+ — —) a 
[c, abe, d, abd] 
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Be OAT: 
9.5.1. Statistical Analysis. : 


Statistical analysis of this design too follows the ¢ 

isti : ee Diet eat es S$ the same 
as the statistical analysis of 2" series exemplified for 22 confolandes 
designs in Sec. 9.3.1, with a few modifications. The main steps are: 


(1) Compute total sum of squares (SSQ,) and block sum of squares 
(SSQ,) in the usual manner. | 


(2) Compute treatment sum of squares (SSQ,) by Method I or 
Method II given in Sec. 8.6.5, as ifthe design was unconfounded. 
Method. II is, of course, an easier one for this purpose. 


(3) Ignore treatment sums of squares associated with those 
treatments which are confounded and find the total of sum of squares 
of all these treatments which are completely unconfounded in al} 

replications [as 10 Table 9.8 (a), for instance]. Let this total be SSQ, - 


(4) For partially confounded effects, compute treatment sum of 
squares for each effect from those replications in which the effect is 
not confounded [as in Table 9.8(5), for instance]. Find the total 
of treatment sum of squares in this group. Let this total be SSQ,.. 


(5) The error sum of squares (SSQ,) is obtained by subtraction: 
SSO, = SSQ, — SSQ, — (SSQ, + SSQ,,). 


(6) Set up ANOVA table displaying various sums of squares. 

(7) Test each effect using F-ratio of corresponding MSS to error 

MSS. | | 

(8) Specific pairs of means and contrasts may be tested in the 
usual way using. appropriate formulas. 


rat 





CHAPTER 10 
(COMPLEX DESIGNs) 


10.1. In the previous chapter we have dealt Me ey the tetee 

designs which were simple in nature. In all pate ‘ : es beside a 
Jying general feature was that every factor involved 1 . ‘P a n 
was considered only at two levels. However, occasions ar Aim rous . 
in agricultural experimentations where factors involve may be a does 
than two levels. For instance an experimenter might be interested in 
a fertiliser-cum-varictal trial. involving 3 varieties of paddy, 3 Jevels of 
nitrogen and 3 levels of seed rates; or 4 varieties of paddy, 3 levels of __ 
nitrogen and 2 levels of seed rates. In general such experiments may 

: be classified into two broad classes, viz., (1) experiments 10 which several. 

: factors are introduced each having the same number of levels as in the - 
case of first example, and (2) experiments involving several factors each | 

tried at different number of levels as in the second example. : 


In this chapter we. shail present a brief review of some 

important designs highlighting their characteristics both in their con- 

_ struction and mode of analysis. A reader who is interested to know 

more about such designs is advised to refer to more advanced books 
by Federer!®, Kempthorne!’ and Cochran and Cox.* : 


10.1.1. 3% Confounded Experiment 


A 33 experiment is one in which three factors are involved, ,each 
factor at three levels. Such experiments are common in agricultural 
experiments. For instance, the investigator's main interest may be = 
in the effect of three fertilizers N, P and K, each being tried at three Soe 
levels (0, 20, 401b of N/acre, 0, 15, 301b of P.O,/acre, 0, 15, 30 1b - HS 
of K,O/acre) on the yield of cotton; or he might be interested in | 
investigating the effect of three levels of irrigation, three levels of spac- 
ings and three levels of nitrogen fertilizer on the yield of wheat or-- 
paddy crop. In all such experiments, the number of plots - required is — 

27 for one complete replication, since there are 27 treatment combina- ~ 


uw 


tions in all. 


10.1.2. Need for Confounding a 


As pointed out above, one requires a block of 27 mn- 
ee oe ee ‘Modating the 27 possible treatments for one complete ‘guided: » Since a 
ee the ha of treatments being, 27, is fairly large and one'is not always =. 

eo es Ok ie of homogeneous plots due to heterogeneity of soil =} 
he. Se aE ould . to the error component in the experiment; this, © = 
ee oes among ‘the treatin Pee the means for ; detecting Smaller differences — a 
Sally preferable ta ban. Jf order to overcome this ‘situation it is gene- 
“pe TESY Prelerable to: have a-confounded design.in which the whole block: 


R \ yt 
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gee abe 
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of 27 plots is rade ae smaller blocks, each of which is fairly home: See 
encous- Lat page tes auet a wi of course, results in sacri- 
fcing informal ome effect to gain better precision in 
the comparison of other effects. 


ivision, 
S only, 


Having decided to use a confounddd design, the possib! S- 
tions are: (@) how many sub blocks should we have within the ig 
iete block of one replication, 


and (b) what treatment combinations 
should we group together to go into each sub block ? 


The answer to question (a) is simple, since the number of treatments 
being an odd number 27, we cannot obviously have either only two 
sub blocks or four sub blocks as we had in the 


: case of 2? and 24 experi- 
ments, Where the number of treatments was an even number. The only 


possible number of sub blocks in the case of a 3? experiment is thus 


either. three sub blocks (each accommodating 9 plots) or 9 sub blocks 
~ (each -with three plots). 


From considerations of many points of views such as practical 
needs and utility, the choice of three sub blocks, each with 9 plots as 
‘shown below is usually recommended for field trials. | 


i 
Lady Oil padegemtnen Tamme” 









Block 3 





i A e . 3 * : 
These three blocks will make one complete replication of. a 32 4 
factorial experiment. | : 


| ! ; ; a ef -asts 

.. Finally the answer to question (0) Gepencs AP Oe eer asin’ oe 
« .. OF effects one is willing to’ confound: with the block will be lost ds as ee 
_ there are threé sub blocks, two degrees of Se eatound twocontrasts —  s 
» 4... Tesult of confounding, and it is thus possible to con a Standing of the ~° 
= With three blocks (i.e., sub blocks)... For 4 rears han vi corresponding =. 2 
Situation, let us first Of all list all contrasts ene eect pintan ALSO ee gee 
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| appear three times each (n,, 
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These are: ~ | i | oe 
‘Three main effects:. -N, P, K, each with 2 df. 


hr ‘nteraction » Pag ose | 
\alots of first \ NP, PK, NK, each with 4df 


_ order 


One interaction 


of second ‘ae 
order: ~ NPK. with 8 df 


‘Thus we can confound any main effect or any of the first order 
interactions or the second order interaction. ‘Naturally from the ex- 
perimenter point of view, one would like to preserve all the three main 
effects and also all the three first order interactions, thus leaving the 
NPK interaction for: confounding. In this situation only some com- 
ponent of NPK interaction (which has 8 df and therefore 8 contrasts) 


will be confounded with the block differences. 
‘Taste 10.1 | 
Rep I-—NPK(W) 
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Block-la. |“ Block 1b 
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ferences ; similarly for the other two factors. Further, for preserving any : 
- gyst order interaction, say NP, the treatment combination requires that 


all the three levels of N should occur with all the three levels of P (1p), : 
NoP1> Ng Po» 


MPo> Pr; MP2, NgPo, NgP1, NgPo). And for preservin all the 
three interactions NP, PK and NK, ne conditions of the wind ee 
at different levels of N, P, K should be satisfied. It is easy to recognize | 
that by preserving the three interactions NP, NK and PK, | all the main 
effects are automatically preserved. Is it possible to construct such a | 
design? It is certainly possible to construct ‘such a design but it lies 
in the ingenuity of forming appropriate treatment combinations. 
Though it is possible to go into details of manipulations of the levels 
of factors for obtaining particular combinations of treatments, we do 
‘not propose to do it here, but merely present the treatment combi- 
nations satisfying the above requirements. 


One such system is given 
below. The reader can satisfy himself that the above conditions are 
satisfied for the following plan of treat 


Table 10.1) ment allocation in each block © 
(Tabie Ay: 





The following points may be noted: 


1. Ineach, the first digit refers to the level of first factor, the second 
- to the level of second factor and third to the level of third factor. Thus 
000 indicates all the three factors N, P and K tried at MN), Po 


and k 
levels. 110 indicates that both N and P are tried at m, and p, levels 
while k at k, level. 


2 All the three complementary blocks will constitute one complete 
replication. ; 


(3) Since NPK interaction has 8 df, the plan given above con- 
founds only 2 comp 


onents of NPK interaction, viz., only 2 df. Still 
| 6 other components 0 


f NPK for 6df are left unconfounded. Yates** 
calls the plan W component, only for convenience. 


pee It is interesting to point out that there are other layouts also which 
| = would satisfy all the requirements mentioned earlier for preserving the 

os main effects and also the three interaction effects NP, PK and NK. The 
plan suggested above is but one of such four possible plans. The 
A other three plans, obtainable by ‘ cyclical ° changes in the levels of these 
factors are given in Table 10.2. 


| Each plan confounds some com- 
Ned ponent of NPK interaction each of 2df. Yates actually designates 
\, ato the three other plans as X, Y and Z, in addition to the first one mentioned 
~\)) ° = earlier, which he designates as W. a pee : 
ih oe ane 
i 





\ 


‘Bach of the above four plans is a complete replication of all the 
27 treatments with all. main effects and first order interaction effects 
being orthogonal (i.e., not entangled with) to the block differences; 
that is, these effects are al 


| unconfounded as if in a complete factorial ¢°"" 2. 
“experiment. However some component of NPK (not all of NPK) — 
_ will be confounded. It may also be pointed out that each of the above | 
plan is orthogonal to the other plan. This means, in W-—plan, the other 
= Component of NPK, viz., X,Y, Z components are.-all left unconfounded. 
Leos ‘This is true for any other plan, — Gee ees co ete pe | 
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-10.1:3. An Example of 3° Experiment (Confounded) 


The ‘foregoing explanations regarding 3° ‘experiment show that a 
~~ choice must be exercised by the experimenter concerning the selec- — 
| -tion of a particular component for confounding. “When there is more. - 
|) > than one replication, one can either confound the same component of — = 
~ _NPK, say W or X, or Y or Z component or ‘he might prefer to confound 
W-component in one replication and X-component in the second, Y- ~~ 
component in the third and so on. It is however advisable not to con- . 
found the same component completely in all the replications. If one 
chooses four replications, it would be useful to confound each type of 
NPK ‘component so that the partial information about the confounded. 
_part.is obtainable from other replications. 





Once the experimenter decides on the-choice of the plan, the layout 
--of the experiment in field requires randomization procedure to be 
| followed with respect to allocation of treatment sets to blocks and 
- ||. ° treatments within blocks. In other words, the three blocks are rando- 
_.}.. mized within each replication and also, the treatments within each block; 
1 each time randomization is done, new sets of random numbers are to - 
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5... The statistical. analysis of: partitioning total variability into different es 
Components pertaining to various effects (confounded and uncon- = 
-|, . founded) is ‘exemplified through the following example: :-9520 say nee 
_. -Example-—At Soundatti Experimental Station, an experiment was 

_. Conducted during the year 1964 to find out. the N, P, K, requirements: 
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e | desi : 
replicatiols- : 


va’ oP ae gs : X component of Np 
hile in Replication II, the : on K 
inte confows confounded. The plan, the treatments and the treay. 
inter 


ment yields are given in Table 10.3. 
TABLE 10.3 


Field plan (after randomization within each block) 


Net plot size 40’ x 14’ Yields in kg per plot 
et plot mL. 


Rep I (W-component) | 
> 





Block 1 a Block 1 5 Block le 


nn nnnee SS 
—— 





f Lace ‘ 
AN PEO OR MRD LIT A UE 
a Renan te eW ee Toke 


4 used was a 3° confounded design with two 


2-25 (220) 
2-32 (211) 


1-80 (000) 
2-13 (122) 
2-49 (202) 
2-42 (101) 


1-95 (012) 


2-45 (210) 
2-69 (222) 
2-36 (112) 


2-28 (212) 
1-78 (120) 
1-51 (022) 
1-99 (111) 
2-00 (102) 


2-18 (200) 
1-62 (010) 
1-52 (001) 





2-45 (110) 
1-86 (002) 
: 


2-01 (021) 


1-730) 
ee! 25977021) 
bale 2253\(201): 
2-43 (100). 
| 1:71 (020) 


2-32 (221) 


Block Total: Bie 19-8265 B, == 20-03 








_ By = 17-20 











Statistical analysis.—The statistical analysis is done in two stages. 


(A) Computation of sums of squares associated with the uncon- 


founded effects, viz., the three main effects, N, P, K and the three two- . 


factor interaction effects, NP, NK, PK. 


(B) Isolation of sums of squares associated with the confounded | 
and ,unconfounded components of NPK-interaction.’ This involves . 
+. computation of sums of squares for W, X, Y and Z components of NPE 3 | 
.. Interaction from those replications in which 'they are not confounded. 


or 1 am 
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+ « The reader may recall this is exactly.what we did in‘analysing the - 
2" partially confounded experiment in Sec. 9.4, where we isolated the 
_.. confounded components from replications in which these components — 
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TABLE 10.3. (Contd,) | 
Rep II (X-component) 
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2-63 (110) 
2-02 (011) 


3-03 (212) 


2-76 (102) 


2-57 (121) 
2-62 (220) 


1-93 (022) 


2-54 (201) 


2°12 (021) 
2-08 (010) 
2-88 (200) 
3-02 (222) 


2-66 (112) 
245 (101) 


2-11 (002) 


2-84 (221) 


2:77 (202) 


1-97 (001) 
2-46 (100) 
2-70 (210) 
2-34 (122) 


2-42 (111) 


2-14 (012) 





2-70 (211) 
Block Total: | ) Byg= 22:24 | B,e= 22-53 — B; = 21.31 


Note.—1. The numbers in the brackets refer to the treatment combinations, 
and the other numbers stand for plot yields. 











2. The numbering of blocks should be in accordance with the plan. The block 
totals should be properly designated as they play an important role in analysis. 


~ were not confounded: The procedure for accomplishing the above 
for data of Table 10.3 is set forth below for the case of 3° experiment. 


coor: Stare confounded Effects.— 
(A) Computation of Sums of Squares for Unconfoundea 

Since ahs thrée main effects N, P, K and the interaction effects 
NP, PK; NK are unconfounded with block effects, their sums of squares 
are computed in the usual way. . It pays to use the ‘ checks ’ suggested 
‘Im various steps to avoid any arithmetical error at an advanced stage - 
of, analysis. : ee ae : | 
ys | \ 

Step 1.—Compute: | , 
+ (a) Block Totals: 3 | oo, ar Rs 
Pea RS 19-82,'B, = 20-03,:By = 17-20, By == 22°24, Bem 2b Shy 
oe Bg ee 2218800 es ME a Eas ee : 
oo (0). Grand Total (T) : < 
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Wit 4s [se e ie z ; : 5 | - : r | ; : D A 
[Peace 256 “RESIGN Nee eee eek cl 
Hees os (c) Correction Factor (CF) : | ae a 


aS crt : : Ubon en it ap OT ! ae at 
Hie oo CF = cial number of observations | ‘ a 


__ (123+13)" 599.76. 
= ig 280: 706. 


(d) Total Sum of Squares (SSQ,): : a | 
SSO, (2-25)? 2. eh 1a) CF 
— 288-48 — 280-76 = 7°72. 


ipa deh, > hgedY tee shor toe 
Sb fee AR ea ee ott oatameereneg 9 FY 


(e) Block Sum of Squares (SSQ,) 
2 By? + B,* + Set Be ep 
SSQ, ae Ct EE. 


a emer 


tee 


— 


as (19-82)? ar = + (22.53) — 280-76 “% 


— 289-91 — 980-76. = 2°15, 


’ \\* . 


eas ere 1 me 


Step 2 (a)—Construct the following 3-way and 2-way tables - 
10-4 (a), (8), (c), (d) from Table 10.3. Each entry in these tables is 
the total over all replications. | | : 


Step 2 (6).—Compute column and row totals for each table and 
check for the agreement of Grand Total in each case. — se 


Step 3.—Compute sums of squares for the main effects of N,P 
XK andthe interaction effects NP, NK and PK in the usual way, asthese 
effects are unconfounded. The computation, proceeds as follows.* 
See @ Sum of Squares Between. N-levels (SSQ,): 
ae PE By ee ees (46:61)? _ 






CF 
Zane [Table 10.4() or 

= 285-46 — 280-76 = 4-70. ee 

(6) Sum of Squares Between P-levels (SSQ,): : 


sq, = L318 + 41-53)" + 40-2992 
ae i Hoe 


EP Ss eae ee AE Fe ey 
ray ny ' 


[Table 10.4(4) or @) | 


ee 
Sf ea 





= 280-81 — 280-76 = 0-05, 
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CONFOUNDED DESIGNS 
TABLE 10.4 a 


k. k, ke 











3.94 3°70 3°38] 3-49 3-75 4-13 | 3-97 4-09 3-44 
4:89 5°08 4:29 | 4:87 4:41 4-84] 4-76 5-02 4-47 
5:06 5:15 4:87 | 5:07 5-02 5-16] 5-26 5-31 5-71 


ed 
SE ee SS permenant 


Ho 


Hy 


NE) Ree eal Cee 


=n | 13°89 13-93 12°54 | 13-43 13-18 14-13 | 13-99 14-42 13-62 
jee ay ae ON dear ae St tes 





TABLE 10°45 TABLE 10.4 c¢ 


* NP factor _ 


pe Poel 


Po Py Pe ky | ky ky | 


NK factor _ 













ne? ef 11400 AT 54 = 10-95 33-89 | 11-02 . 11-37 11-50 


a | 44-52. 14-51 13-60 | 42°63 | 14:26 °° M412 14-25 


ity | 15239 T5488 15-74 46°61.) 15°08 15-25 16-28 


40-36. 40-74 = 42-03 





Toran | 41°31 41-53 40-29 | 123-13 — 


Taste 10.4d | ; 
ee PK factor 


j PSS rere canara BEE Total 
Ko ky ks 
RON ee fe Aas Rik Sesto 
Po T. ygsg9° 13-43, 13-99 
oo oa 15,93 2org 1BTB, AM? 
re cen Vr eee ce , 13°62 
1740-36. 40-74 42-03 
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| (c) Sum of Squares Between K-levels (SSQ,): 


_ 40-36) + 40-74) + 42-08)" _ Cp 





SSQ, 
= 280-84 — 280-76 = 0°08. 


(d) Sum of Squares for Interaction Effect NP (SSQ,e) : 


: '§s0 aan tt — CF — 88Q, — SSQ, 


| [Table 10-4 (by) \ 
— 285-60 — 280°76 — 4:70 — 0:05 = 0-09. ; 


/ 


(ec) Sum of Squares for Interaction Effect NK (SSQ,,) : 
11:02)? + ... + (16°28)? BS kee oy sat 3 
ss0n = ere eRe CF — SSQ, — SSQ, | 
[Table 10°4(c)] 
= 285:°63 — 280:76 — 4-70 — 0:08 = 0:09.. eH oe 
(of ) Sum of Squares for Interaction Effect PK (SSQ,.)- | 
| | : 
ssQ,. = (13-89 )7--| te + (13.62)? . CF — ss. — SSQ, 
; ; [Table 10.4 (@)] 
— 981-19 — 280-76 — 0:05 — 0:08 = 0°30. 


me (B) Computation of Sums of Squares for Confounded. and Uncon- . 


founded Components of NPK.—The above completes the preliminary 
analysis of computing various sums of squares ascribable to uncon-. — 


founded effects. It remains for us to isolate sums of squares for each — 


of the component (W, X, Y, Z) from those replications in which ays 
particular effect is not confounded. With plan layout of two replica- 
tions only, with W-component confounded in Rep I, X-component in ~ 
Rep II in our example, we can isolate X-component from Rep I and 
W-component from Rep IE, while Y- and Z-components may be isolated =—s 
from both the replications, as these are unconfounded in both. Ita | 
may be noted that, while partial information alone can be obtained ed |i 
regarding W- and X-components (50 per cent), complete information 18 j | 
available for Y- and Z-components from both the replications. ‘The. 4 


.- Systematic way of isolating these components is as follows: 


Step 4.—Isolation of W-component from all other replications 0} 


- which it is not confounded. For this compute: 


(a) The total of those treatments that appear in Block i (a) of W- | cS 


ee pan » by using the observations from all other replications in which W- | eee 
_- ©Omponent is not confounded. Since we have only one replicatiom | 


(ep Tl) in our example, this is easily computed as follows: 








viene CONFOUNDED i DESIGNS _ 


»Heeatment set in Block 1.(a) of W-plan Cable 1 6 i: SEPM Seb eee 


(000) -+ (110) - (220) -+ (101) + (211) + (021) + (202) es 


+ (O12) + (122) 
Treatment totals from other replications: 


ih 142 63 -|- 2 62 of 2:48 + 2704 2512 4 2+ 
vabruGiiode 2 14 c-0-34'= 31-91, 


(b). The total of those treatments that appear in Block Lo): of 
W-plan, by using the observations from other replications. 


set in Block. 1 (b) of W-plan:; Treatment « - 
“6H + 210) + 2 + Gy + OLN + CD + OD 
| + (112) + (222). 


‘Treatment totals from other replications: 


2:46 42-10 + 1-67 4 2°54 4 2-02 + 2°57 + 211 + 
ET) 66 8 D1 OTS, 


© The total of ‘hoad treatments that appear in Block 1 t (c) of. wW- 
plan, by using the observations from other Fepheations: Treatment set © 
in Block 1(c) of W-plan: | 


(200) + (010) + (120) + (oo), a ay 4: (221) a (102) 
f(D}2)-45 (022)5 


Treatment totals from other seslicatinnes: 


e 2-88 -+ 2-08 + SL F197 + 2-42 + 2-844 2°76 + < 


aS posh 4 3-03 + 1-93 = 22-42. 


@ Interaction sum of Squares for W- component (SSQ,): 
: | : : 21-75)? 22°42)? 
| hesies es SSQQ = (21-91)? + ( pr te ) 


_ 21-9 21-75 + 22-42)" 0:02... 
O9+t 949. : See 


‘Note —The divisor i is 9 sinee each total such as 21° -91 is based on 9 observations. 


lications in 
‘Step 5.—Isolation -of X-component from all other rep Se 
Which it i is not confounded. Use the same procedure as above except - a 
use Blocks 2 (a), 2 (b) and 2 (c) of X-plan in Table 10. 2 for. Sie ie oo 
Ree Brouping. The computed totals are Peound to be. _ ia 
= @ For Block 2 (@) Treatment set of X-plan = 18-82. es 
AVY fe @). For Block 2(b) treatment set of X-plan = 18- 99° ie ae 
te oS oF For Block : 2 2 Ae) treatment s set of Rtas = 19- 24 e = pee es 
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(d) Interaction Sum of Squares for X-component (SSQ,): 
(18°82)? + (18'99)* - (19-24)? 
— aan 


aé 


x 


(1882 + 18-99 + 19°24)" gy, 


—————— 





— 


“35 component from all replications in’ which 
Step 6.—Isolation of ¥-comp onent is unconfounded in both 


this com 
it is not confounded. Since thi S nth of them for computing 


aoe | aKa 
the replications in our example, we 
this component, Since we have already computed treatment sums 


icati is table to compute 
rer replications in Table 10.4 (a), we may use this ta 
the total for those treatment sets that appear in each of the Blocks 
3 (a), 3(b), 3 (c) of Y-plan in Table 10.2. The method is exactly the 
same as in Steps 4 and 5, except we use observations from both the 


replications. 
The totals are found to be: 
(a) For Block 3 (a) treatment set of Y-plan (Table 10.2) = 40. 88 
(b) For Block 3 (6) treatment set of Y-plan (Table 10.2) = 40°82 
(c) For Block 3 (c) treatment set of Y-plan (Table 10°2) = 41-43 
-(d) Interaction Sum of Squares for Y-component -(SSQ,) 
| ss0. = (40-88)? + oa + (41-43)? 
_ (40-88 + 40-82 + 41-43)? — 
18 + 18 + 18 | 
— 280-77 — 280-76 = -O1. 
Note.—The divisor is 18, since each total such as 40:88 is based on 18 obser- 


Vations from both the replications. 


_ . Step 7.—Isolation of Z-component from all replications in which 
it is not confounded. This component is also unconfounded in both 
the replications in our example. As in Step 6, use Table 10.4 (a) 
to compute this component also. For treatment sets for Z-component, 
use Table 10.2 for Z-plan. The computation finally leads to the fol- 
lowing totals: : 


(a) For Block 4 (a) treatment set of Z-plan (Table 10.2) = 41-55 
(b) For Block 4 (6) treatment set of Z-plan (Table 1.02) = 40-53 
(c) For Block 4 (c) treatment set of Z-plan (Table 1.02) = 41-05 
_(@) Interaction Sum of Squares for Z-component (SSQ,): 
sso, _ (41-55)* + uk cid + (41-05)? | 
_ (41:55 + 40-53 + 41-05)2 
— - 18 +18 +18 
= 280°79 — 280-76 = 0-03, 
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Steps 4 through 7 complete the computation 
: : ‘. of su UE 
associated with NPK._ intcraction Sernhineet ms of squares 


Step 8.—The Error Sum of Squares is obtained by subtraction. 


For this, subtract the sum of all sums of squares from Total Sum of 
Squares (SSQ,). | | 


SSQ, = SSQ, — (Total of all Sums of Squares computed in 
3 the previous steps) 
= 7:72 — (2:15 + 4-70 + 0-05 + 0-08 + 0-09 + 0-09 
+- 0:03 +.0-:02 + 0:01 + 0-01 + 0-03) 























= 0-19, 
Step 9.—Set up ANOVA Table 10.5. 
TABLE 10.5 
: : Analysis of variance in kg./plot 
Source df SS MSS F 3, 
Blocks 5 2.15 0-43 
N 72 4:70 2-35 273° 1t 
P 2 0-05 0-03 3-49* 
K ie 0-08 0-04 4-65* 
| NP 4 0-09 0-02 35 
| NK 4 0-09 0-02 2:33 
| PK 4 0-30 0-08 9-30} 
) Unconfounded 
i | NPK 4 0:04 0 Ol 1-16 
iA is Ponfpundet : die eer 1-16 
Error 22, 0-19 .. 00086 
TOTAL gg ve [lac 123 ee ees 





amacig nageren wnat mene wan S _ 





ee enemas 


* Indicates significance at 5% level. 
t Indicates significance at 1% level. 


phe eee 22s | 8 ® Sings Wand X-components are, confounded, these two are merged ut oe eai8 oy 
4 under confounded NPK in Table 10.5. Similarly Y and Z components being. un- =|] 
4 ; bos ee ‘Gonfounded, they ‘are merged into one group together, pon ohn Seba ee Pad gear Sea ergot cue Ne 


RN ones 
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ne , . . | 

ae ‘Ste yp 10: Tests of Significance.—T he effects are tested for thei, : 
Wek! significance in the usual way by computing F-ratios against MSS fo, 
BL os Error. From Table 10+5 we notice that all the main effects are statis. 
al | Geally significant at 5 per cent level. Among the interaction effects, 
only PK interaction appears to be significant at 1 per cent level, 
Further analysis of pairs of means and other specific contrasts may be 

performed in the usual way. (see Sec, 3.3.2 of Ch. 8. Also see ba 

Ch. 8). eq 


10.1.4. > 3* Experiment 


A 34 experiment is one in which there are four factors each of which 

‘> chosen at three levels. The construction of the design is similar to 

38 experiment, except in this case there will be 9 blocks each having 

9 plots. Since the size of the block remains the same with 9 plots, it 

-is always advantageous to introduce an additional factor to a 3? ex- 
periment, since the information about the additional factor and various 

other effects are determined without reduction in the precision of the 

38 experiment. The statistical analysis retains the same pattern as for 

38 experiment. For further details the reader may refer to the work 

of Yates (35). 


wads ds. Asta sul bs . ; 
enna ae re ~ a = h im, =" 
a a~'b eto Aateies 4 Behl perord 


In Sec. 10.1.1 we considered a 33 experiment in which each 
of the three factors was tried at the same number of levels. In this 
section we will consider another type of design in which different 
factors are tried at different number of levels. Of them, experiments 
of the type 4x 2 x 2, 4x 4x 2, are of considerable importance. 
The design 4 x 2 x 2, for instance, is employed when one‘factor is to 
be included at 4 levels, the second and third, each at two levels. The 
general features of these designs are: (1) it is difficult in general to 
device designs of this type wherein only the highest order interaction 
is confounded, leaving the other effects unaffected as if they are uncon- 
founded as such designs will generally confound some .primary inter- 
actions also so that their utility is limited: (2) the statistical analysis is | 
generally more involved and the means of different treatments need = | 
proper adjustment for block effects, and (3) partial confounding is 4 
generally desired when using more than one replication. . 


10.2. MIXED SERIES | | z 
{ 









In this section two designs of the mixed series will be considered, 
each followed by a numerical example, so that the field layout and the 
mode. of statistical analysis may be grasped without much difficulty. 


~~ (10.2.1, , Design 4 x 2 x 2 or 4 x 2? 


In this design there will be three factors, one of which is chosen’ —. 
_ at 4 levels and the other two each at two levels. For instance, in an fj 
Mea erperinient to study the effects of spacing, seed rate, and irrigation level - | 
es oe evil abet 8 top, one might choose four levels of spacings, two. ee 
PO TA eels of -N 7: fevicde two levels of irrigation ; Or in a fertilizer trial, 

ea eae “- eXperiment. 1 = ae of P and 2 levels of As might. be included in the 

Nee oe mationgcttTe anc such experiments the number. of. treatment combi 
 MAMONS' 18 ancl 16 plots are therefore required for one complete repli- 





, 2 ie. mS Ae as » a. 
pee ey aE ee oes aes t oe 5 
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: assounding is suggested to achicve homogencity 
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“cation. Quite often it is difficult to obtain blocks of 16 plots sith en Fe 


ered homoseneity of plots within cach block. 


In such situations _ 


of is within’ 
ik by dividing each block into two or more sub blocks within a 


The rest 
‘ich incomplete blocks is loss of some ult 


information on certain effects. 
‘For a 4 X 2 X 2 situation two confounded designs are available. 
They are: | | : | 
a4x2x2 confounded design in 2 blocks of 8 plots each. 
2) 4x 2 x 2 confounded design in 4 blocks of 4 plots each. 


pesign (1) confounds partially the highest order interaction only and 
leaves all the three main effects and the three primary interaction s 


of S 


‘inconfounded. Design (2), on the other hand, leaves the three main 


effects and one primary interaction unconfounded, while all other 
‘nteraction effects get confounded with block effects. Since design (1) 
is more frequently employed in agricultural field experiments (Blocks 


of 8 homogeneous plots are quite common), this design will be taken 
up. for consideration. ~ | : 


- Design 4x 2X2 in blocks of 8 plots each.—If the three factors 
are A, B, C with factor A at four levels (ao, @, a, a3), factors B and C, 
each at two levels (bo, b1; Co, ¢,), then this design (see plan layout 


Table 10.6) confounds partially the second order interaction .ABC, 


~~ preserving full information on all the three main effects A, B, C and 


the first order interactions AB, BC and AC as if they are unconfounded. 


== —-* "The layout-of the plan, before randomization within blocks, is - 
-- given in Table 10.6. — Be fares 


TABLE 10.6 | bon 
Field plan of 4 x 2 x 2 design in 2 blocks of 8 plots each 





























Replication 1 Replication 2 Replication = RE 
Block | Block Block 
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which are tf 


it. above plan, the tf 
me true within each block. on 
(1) All the levels of factor A have occurred the same number , 


(twice) times in each sul 
unaffected by confounding : 


bove is true for treatment levels of B and C; each level — 
ae a) has appeared the same number (four times) of 


hich, Ot ops 
toe This ensures that t 
also left unaffected. 


he main effects of B and C factors are 


occurred with vey level of factor 
| b,). is arrangement 

B a,b . abi, a,b ‘ a,b4, Abo, abr, aso, ag 1 

pions completely the interaction AB. T his type of arrangement 

of factor A with factor C ig also true so that the interaction AC is also 

preserved. | | . 


(3) Both the levels of factor B (4; b,) have found combinations with 


(2). Every level of factor A has 


- poth the levels of factor C (¢; c;) and have occurred the same number 


of times, (twice). This preserves the interaction BC. 


(4) Some component of ABC is confounded in each replication, 


but not the same. ABC is thus partially confounded in each replica- 


tion. 


Treatment Allocation —For a valid estimation of the error com- 
ponent in the analysis of variance, it is essential that the allocation of 
blocks within each replication and the treatments within blocks should 
all be randomized. The two sub blocks are assigned at random within 
‘each replication by drawing 2 random numbers, this being done afresh 
for each replication. The treatments within each block are also dis- 
tributed to different plots by drawing 8 random numbers, this being 
repeated for each sub block and in each replication. | 


10.2.2. Statistical Analysis 


In a Completely Randomised Block Design, the treatment means 
do not need any kind of adjustment due to block effect. It is a simple 


- arithmetic average obtained by dividing the total yield of each treatment 


by the number of replications. But in a confounded désign, this is not 
true, since certain treatment effects and the block effects are mixed 
up. In order to get rid of this block effect, the treatment mean needs 
to be adjusted by removing from it contributions of the block effect. 
The method of doing this and the steps to find out various sums of 


squares for. the purpose of Analysis of Variance, are given through ag 


| the following illustration. | | 


Example.—In order to find out the optimum combination of N ae 
Ld) Stara: for good growth and yield of coffee Arabica under Coorg — ae 
oS Satan = fertilizer trial was set up in Chettahally Research Sub- 

er te ee ate lising: 4 x2" confounded ‘design «wil ve 
ae ak els (30, 60, 90, 120 Ib/acre), P at two levels (0, 30 lb/acré) ae: 
ae pa Rn n SWO levels (0, 40 Ib/ acre) in three replications, . Sa 
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sub block. This means the main effect of ty aa 
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~ sepresent the yield in lb per plant. 
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The feld plan is given in Table’'10 
TABLE 10.7 
| . s ‘ a 


Replication I Replication I 


Replication III 


a ar 








‘7. The figures in biaékels ‘ aoe pee ae 





RS ea 





Note.—In Table 10.7 blocks are arranged in proper order for convenience 


Block 


Block 


Block 


tees) Otis} | ES) BMH | OS ORS 
maps eho | Gea 88 | Blo Pd 
em Ee ORCL OM CAC MEELES 
npr P| Ps Eh | Bas rok 
mPa PMS | lb lt | Gees cet 
make res | 8S 8 | RS CBS 
mpl wks | ura Pls | ei ets 
mp, mapas | rate aes | GS) OSs 


ee ee ee 


Bu — 24-86, 
Bus aes 56, 


of analysis. 


; _ Statistical Analysis of 
| Price in plan of Table 10.6, the 
_ three Beh ee interactions NP, N 
Since some componen 
: ae replication, it is possible, 
ie ent from the other two rep 


~ effects. 


(1: 52) 


Boy — 18° 13, : 
Boo — 24: 48, 


and (B) iso 


K in the three replication. 


_ “ene are as follows; 


Speci 


data of Table 10.7. 
three main e 
K, PK. are all kept cle 
t of NPK inter 
to obtain information 
lications in which it 1s 


Bs; — 18: 23, 
Bop = 11°95. 


action 1 


lation of the confounded co. 
fic steps for accompli 


gs con 


—In this 4 x 2? design, 
ffects N, P, K and the 
ar from block 
founded in | 
about this com-. 
not confounded! _ 


the statistical analysis falls into two stages as in 33 experiments, 
he two stages are: (A) Computation of unconfounded effects Of 


mponents 
shing the 
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8 : oo (A) Computation of Sums of Squares for pean eis: Effet: hig. i i 
jan in i ‘ 


cs “sm of 8 observations.) 


BB 
ee = Sus ‘or Tables 10.8 (a),. (b), (c), (d) for the PUEPOSES | of Om = 
: ae ae mee Ata due 1 to" ‘various: _cCOMpOnENIS ee ee: 


and Primary Inter action 5 


Since the three main effects and the three primary interactiong , ate 
unconfounded with block effects, the sum of squares ascribable to these 
effects are determined in the usual way. 


Step 1,—Compute for Table 10.7: ee 
(a) Sub Block Totals: | | , 
Bi, = 24°86, By = 21°56, By = 18°13, Bop = 24: 48, , 
Bs; = 18°23, Bgy = 11°95. 


as a0 Fda numbering of blocks B,,, Bia, etc., should be according to plan in i 
(b) Grand Total (T): as \ oe 

T = By + By. + Be; + Boz + Ba, + Boo | | 

= 24-86 + 21° 56 + 18° 13. + 24°48 + 18°23 + 11° 99 a 


= 119°21. 


(c) Correction Factor (CF): 

Total number of observations 
_ (119-218 
wu 48 


CR = 
= 296-06. 


(d) Total Sum of Squares (SSO): 
SSQ, = Sum of squares of all the 48 values in Table : | 

10.7 minus CF S| 

= (1-88)? +... (1-63)® — 296-06 = 59-03, © a 

(e) Block Sum of Squares (SSQ,): : 
ssQ, = Bi? + By? : za + Bas? 


} 
f } 
F ; } 
en emt 


CF 


(24:86)? + 22. + (11-95)3 
i sia toerees — 296-06 


= 310-75 — 296-06 = 14-69. 


(The Mivinck is 8 because each sub block total such ¢ as 24: 86 is a 





_ Step 2, —(a) From Table 10.7, construct the following 3.way. ad a . 


tahoe 
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Com ute marginal totals for the above tabl : 
Come of Grand Totals. ables and check for 





“the 8 
TABLE 10.8 (a) a 
| NPK. FACTOR 
Ko us | 
: : Total 
| Po Pa : Po Pi 
No 8-04 6:93 5-98 6:24..\° 27-19 


a a ae 9:64 | 7°75 9 +36 32°42 
me eT Oe) ol BOS ob 1G |. 8158 
Ny 4-68 10:28 | 5:16 7:90 | 28-02 











‘Tora | 26-06 36-57 | 26-92 29°66 | 119-21 


TABLE 10.8 /b) ~ : 


9 a Ee | St Le 


NP factor 








Po Pi 


ngte | 1402 BAT], 27-19 
_ 13+42°- 19-00. | 32°42. 
Me 15-70 15°88 |» 31-58 
ng |. 9484-18418." | - 28°02 





ne 


Toran | 52-98 66-23. |. 119-21 


Step 3.—By using values in tables in Step 2, compute sums of 
Squares associated with the unconfounded effects of N, P; .K, NP, PK, 


oe HLS as follows: 


@ Sum of Squares for N levels (SSQ,): ee 
. TR eRe 

-$8Q, = a 19)? + (32: 42)? as (31: 38)? +08 2) “CF 
ae = | | (Fable 10.8.) 
ee as = 997 2B — - 296 06 = at 61 ‘ os a eee 





Nicky 
Tea e 
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SNIP Ri nt riley Ta cae 
~ od OR setae eeet lias gent ceceue ia es tl te 


| es 968 
: TABLE 10.8 (c) aya 














| NK factor : 
Total 

ko k, a 

cpl ihn sia a Be el a aa a ee 
No 14-97 12°22 27°19 a) 
shy 15:31 17°11 32-42 ie 

Pe aan Be, 14°19 31°58 

Ns 14-96 13-06 28-02 
- Toran | 62-63 . 56-58 | 119-21 4 


TABLE 10.8 (d) 








PK factor | 
: Total 
ae a 
Po 25-06 26:92 |. 52-98 


pr: | 36°57 «29-66 | = 66-23 






| TOTAL 62°63 56°58 | 119-21 “ 
| : 
Note.—The divisor in this is 12. because each alee Peak as le 19 is a sum of ’ 
f ; 12 observations. . 
Pee (6) Sum of Squares for 5 levels (SSQ,): 
ics . 52+98)2 + (66-23)? | 
ag $80, = = ee CF (Table 10.8 5) 


= 299°72 — 296:06 = 3°66. 


ee. agra Note. —The divisor in thi af . Mt aeee : ene 
Wier se IS Case 1s 2 Perit y eae i 8 
i eacee or ge ra 4 observations. 4 since each value such as $2-98.is a sum of Hah 


xC) Sum of Squares for K levels (SSQ,) 


of (62:63)? + (56-58)? 
ee noes —CF “(able 10. go 
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(d) Sum of squares for NP Interaction (SSQ,,): 


_ (14-02)? +... + (18-18)2 
+ SSQuw = 7" __ CF — §sq, — ssQ, 


1 = 306-18 — 296-06 — 1:67 — 3-66 = 4-79 
i | (Table 10.85) 


A Note.—The divisor in this case is 6 because each value such as 14:02 is a sum of 
«| 6 observations. | 


(e) Sum of Squares for NK Interaction (SSQ,..): 


14-972 +... 06)? 
nn peep idl Mit a se CF — SSQ, — SSQ, 


= 298°79 — 296:06 — 1:67 — 0:77 = 1-29 
7 (Table 10°8 c), 
a (f) Sum of squares for PK Interaction (SSQ,,): 





; 2 ‘ 
sso. = fin! ah te — CF — SSQ, — SSQ, 


= 301:74 — 296-06 — 3:66 — 0:77 = 1:25 
(Table 10:8 a). 


(B) Computation of Sum of Squares for NPK Interaction 


Since NPK interaction is partly confounded in each replication 
In such a way that the component in Rep I is unconfounded in Reps 
If and Ill, the component in Rep II unconfounded in Reps I and III 
and the component in Rep III unconfounded in Reps I and ‘II, it is 
possible to extract each of the confounded components from the other 
two replications in which it is not confounded. The procedure for 
extracting out these components is exactly similar to the method 
employed in 33 experiment in the previous sections. The procedure 
IS as follows:— : 





‘Step 4.—Isolation of NPK component confounded in Rep I from 
Reps II and III. For this compute: : 


? (@ The total. of those treatments that appear-in Block 1 of Rep I 
‘by using the observations invReps II and III. An easy way to obtain 
‘this:total is to use-the values in Table 10.8 a which reports the. total 

Or each treatment over all the three replications and then adjust for 
total in Rep I by subtraction. Let T,, be the total from Table 10.8a 
lor those treatments which appear in Block 1 of:Rep I. This is com- 
puted as follows: — mee panes eet 


¢ IS ae ee 
ee el ae 


ph (Est =i Cah Oy ail gece CRC TEN ewe pre nn Sata ae een 
VNTR Ae ttle ge og Sp sth) cons oR ae (le Me Vee ai ee Ee BL Pittemye nse 
vite evga sesh aay: Seas OST ETB Aan a gh Pee Lng eee ride 4 X a oa 
: Been! Sade ee Re SSCA Mees Pree th eae , =: 
. ae cee er TS 
* ee ee es 


a _ Treatment set in Block 1 of Rep I in Table 10-6: 
(000) + (011) + (100) + (111) + (201) + (210) + (301) 
I oes + (310). tae tn eM 
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- Figures from Table 10.8 (Q)cS 3 


8-04 + 6-24 + 5-67 + 9:36 + 8-03 + 9- 7245: fies ios 2 a 


ter 62° 30 (Tin). 
Since T,,. contains the total By, (24: 86) from Rep I alg 
| from Ty He... 62°50 —. 24°86 = 37:64 = (Pj, : say).. 


(6) The total from Table 10.8 a of those treatments that appear in 
Block 2 of Rep I. The procedure is the same as in (a) above ne 


Tye, 1s the total from Table. 10.8 a@ for those treatments which appear 


in Block 2 of Rep. I, the adjusted value is obtained by. subtracting Bio 
from Ty to Bet Pi. = — Tye ae Bio. 


. Treatment set in Block 2 of Rep I in “Table 10.6: | 
(001) + (010) + (101) + (110) + C00) + Gi) + an) 
+ GL) a Poe 
Figures from Table 10.8 a: Saas 
(6°93 + 5-98 +964 + 7°75 +.7-67 + 6:16 + 4°68 + 7:90. 
= 56°71 (Ty). ath 


_-as 35-15. 


founded in Rep I is finally given by: | 


(37-64)? + (35-15)? (37-64 +35- 15)? 
16 3 OPO 


= 165-77 — 165°57 = 0°20. 


Note. —The divisor here is 16 since each number such as 37. 64 is a sum — 


of 16 observations, 8 from each of Rep. IT and Rep Til. 


Step 5, Isolation of NPK component confounded in Rep. H, front’ | 
Reps I and Il].—The procedure for. isolating. this. component. from — 
- Rep I and Rep III, in which it is not confounded, AS aay the 
-  §ame as given in Step 4. 2 ae 


— @ If Ta is the: total from T ae 10°8 (a) Pr tho tréatinents S 4 
that appear in Block 1 of Rep IJ and B,, the block total in RepJL, 
then the required value is Poy = Te; — Bay. The computation leads ~ ' 


required total from Reps II and III is obtained by eae. . : 


“pt inert Ba = 21°56 from 56°71: we get P,,, the required value 


pitas Soe . 
iy Biers) ENS PR ate te aes 
Cn TRASH R SP Ree aRN aha 2 aoa) Noe 


(0 NPK Interaction Sum of See for, the | “component ‘con- , 


Pern SMTA Ht 
SNE fan Sage 


to Te = 62-00; Bay = 18-13 so that P.y=T»,—B, = 62:00— 


ee et er 18.13. = 43+87. Acsimilar procedure for treatments in Block 2 2 of Rep Ih : 
oe 7. leads to Tas = 57°21," Bay = 24:48 so that. the required value a t 


~_= 
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) K. Interaction | Sei ° 
(c) Then NP Component, confounded ; Ws 
van BY nded in Rep WW, is 
(43-87)* +- (32°73)? (43-87-+4.32-73)2 
| 16 oe The 


io 16 
= 187-24 — 183-36 = 3-88. 


Step 6. Isolation of NPK component conf 

from Rope hs ag pws the proced onfounde 
steps for Blocks | an or Rep UI. If T,, and T.. ar 

for treatments in Block 1 and Block 2 Tespectively. obtained by 
using the values in Table 10.8 a, the required | J 


: ired values P., and P,. ar 
given by subtracting Bs, from T,, and B,, from Soo: ” The vaiteen 


d in Rep SII 
ures employed in the above 


turn out to be: 


(a) Ts, = 60-94, Bs, = 18-23, so that Pj, = Ty, — By, = 42°71 
Ta = 58°27, Byz = 11-95, so that Py = T,, — B,, = 46-32. 
(b) Then NPK Interaction component confounded in Rep III 
but obtained from Reps I and II will be: 
(42-71)? +- (46-32)? (42-71 + 46-32)? 
: 16 — 16+ 16 
== 248-11 — 247-70 = 0-41. 


Step 7.—Sum of Squares for NPK Interaction obtained as partial 
information from 2 of the 3 replications is obtained by adding the three 
components in Steps 4 through 6, that is, 


SSQ.. = 0:20 + 3-88 + 0:41 = 4-49. 


Step 8.—Sum of Squares for Error component (SSQ,):—This 
is obtained by subtraction. Subtract all the Sums of Squares for 


various components computed above, from SSQ,, the Total Sum of 
Squares. — | 


SSQ, = SSQ, — SSQ, — SSQ,, — SSQ, — SSQ, | 
| Vine SSQup at SSQyx ae SSQix i SSQars: 
— 59-03 — 14-69 — 1°67 — 3°66 — 0°77 — 4-79 
— 1-29 — 1°25 — 4°49 = 26°42. 
Stcp 9.—Set up the ANOVA Table as in Table 10.9. 


10.2.3, Tests of Significance 


Various effects mentioned in ANOVA table may be tested for 
their significance by finding the appropriate F-ratios against the error 
(Mean square which is a reflection of the influence of all uncontrolled = 
_\|.. factors in the experiment. Since all the observed F-values in this — 
example fall short of table values, no effect seems to be significant. 





samples is given by 
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. TABLE 10.9 Pe 
: ANOVA table for data for Table 10.7 fe 
Source df SS MSS F.,. 
i 
Blocks 5 14°69 2°94 Sot 
a 
Treatments : | 
N 3 1-67 0-56 — <1] 
P 1 3-66 3-66 © 3-74 ; 
Kk 1 0°77 0:77 <1 } 
NP 3 4:79 | 1:60 1 +63 
NK — 3 1-29 0-43 <1 : 
PK 1-25 | 1-25 1-28 
NPK* 3" 4-49 1-50 1-52 
(confotinded) ' | 
Error. 7 26-42 0-979 
TOTAL aT | Pr ee eae 
CR ed hy" \ 


* Since NPK interaction is confounded, a prime is’ superfixed.to 3 df for NPK 
to indicate that the information is partial, based on two of the three replications only. ~ 


However, when F-value turns out to be significant in an experi: 
ment,.the difference between two means may be tested for its significance 
by the use of f-test using appropriate formula for standard error of the 
difference between means. The reader may refer to p 64 for t-test. 
The reader may also recall that the general formula for Standard Error 
of difference between any pair of means from two independent random 


SE, = anid al Lace 
a Af ¥ ee . (10.1) 


where V, = Error Mean squares in ANOVA table, and n, are 
the number of observations on which the two means are based; the 
formula reducing itself to the form 


when sample sizes are same. Thus b 
, See y the appropriate choices 
of my and n,, SE for various situations may be determined as follows: 
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(1) Standard Error of the  difforey pe eris 

N levels {nine at 4 levels).— Sines Pr li ‘WO means for 

17 times (2 levels of Px 2 levels of K x 4 Reps) “wo 8 is replicated 
79 MKeg DE 


av. <“>- Comes: 
SE, = 7 = a/ Mf ; 


(2) Standard Error of the difference | 
ractors at 2 levels each). Since the fester sles SEGUE “Of P or Ke 
each level of P (or K) is 24 (4 levels of Ny ve lecplications for 
Reps), SEs becomes: evels of K y 3 
ee ee 2 
SEs = a/ aq =A 12° 


(10.3) 


(10.4) 


(3) Standard Error of the difference betwee 
NP or NK table.—Since the number of replications for oie lever im 
NP combinations is 6 (2 levels of K x 3 Reps), SE, “ein . 


—./2%a. /V¥; ; 
SE.= 4/5 =/¥: (10 25) 


(4) Standard Error of the difference between any two means in PK table 


As the number of replications is 12 
formula becomes: 


SE, = / 73 = 4/%. (10.6 


10.2.4. Construction of Summary Tables 


(4 levels of N x 3 Reps) SE, 


Since a factorial experiment usually provides information con- 
cerning the treatment means due to various combinations of treat- 
ments, it would be useful to summarise the results in summary tables 
for treatment means. Tables 10.10 (a), (6) (c) summarise the means 


TABLE 10-10 a TABLE 10.106 
(Figures in lb/acre) 





CT *OPS Ostet aparsonn 


Ng 2827 2656 2742 3019 | 2464 
de 2706 3832 3269 3088 3451 

my 3166 3202 3189 3507 2862 

: 1984 3666 2824 3017 | 2634 
“Mean forP| 2671 | 3339 3005 3158 | 2853 


“ Approximate 
18 
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for different combinations of treatments. The means reported in these 
tables are the estimates of mean yields in Ib. per acre without any block 
effect, since the effects NP, NK and PK are all unconfounded. How. 
ever, since the effect NPK is partially confounded, the NPK treatment 


means require adjustments for block effect. The proccdure for effect. 


ing such adjustments 1s given in the next section. 


TABLE 10.10 c 





ees enaeteamnii easels D AAA DLA ADO (100001089 seanang ~ 
| Po Pi Mean for K 
ee TURP nieTrE: nvenenenieRt: 1 meme 
Ie 2628 er 3158 
key 2714 2991 2853 


Mean for P 27671 3339 
| : 
* Approximate | . 


10.2.5. Adjustment to NPK Treatment. Means 


Since NPK effect is confounded, the means require block adjust- 
ment. The steps for effecting such adjustments are given below: 





Step 1 (a).—Compute f,,,, the block adjustment values by the use 
of the formula: | 


3Bran ae Tn 
Rive is 16 


where B,,, and Tiny are respectively the block and treatment totals for 


n-th block in m-th replication (m = l, 2, 33 #=1,.2) 
Example ‘ 
 3By — Tu _ 3 X 24-86 — 62°50 _ 9. 
hy = — 4 = a Oe: 
 3By, — Ty, _ 3 X 18-13 — 62:00 _ /__ 9. 
hoy = ” 7: = (— 0-476). 


hoy = oon _ a = (— 0-329), etc. 


(b) Construct the h,, Table 10. 11. 


Step 2.—Identify the blocks in the three replications in which 
a particular treatment cccurs. For instance, Mp ok, occurs in blocks 
B,,, B., and B,, of the three replications. | 
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TABLE 10.11 
Nn values 
——— ia cara 
\ rep (mt) Rep (m) 
Blocks ; 
(n) . ) 
l hy 
0-694 
Zz : | hyo 





0-498 | 





——— 


(Check: the sum of all A,,, values should add to zero, fy... + fsz = 9, ie., 
except for rounding of error). 


Then the adjusted treatment mean (NpPoXo)' for (Ro PoKo) is given 


by | | | 
| ~ Ay + Aer + Ay 
(AoPo%o)' = (MoPcko) — fae ge ne 
(0-694 S 0-476 —~ 0+329) 
x 2-64 — 0694 © 0-416 -~ 0929) 


== 2°71. 
for all 
imi juste ent means can be computed 
‘gem ef gear 9 ab show the ge ‘preci iieaaramiia means 
a slot aad’ alan per acre for NPK group of means. 


TABLE 10.12a | TABLE 10°126 





—_—_—_~—_ 











eae 





| 
| 9-7 1-86 2:12 | 3291 2747 | 2251 2565 
my | 2:71 2-27) 1 , 7 
1-79 3-31 | 2-69 3°62 | 2166 4005 | 3255 
Ny ° 
3-17 1-66 | 2613 4392 | 3836 2009 
No 2-16 3-63 a 
5.02 3-02 | 1-26 2-60} 2444 3654 f 152 
Ns 





tai dividing each value in 
* Th djusted treatment means are obtained by : : , 
ihe una ; : 


Table 10.8 a by 3. 
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Design 4x 4x > or 4* x 2.—Confounded Design in block, of 
8 plots. 


10.3. DESCRIPTION. In this design, two factors at four levels cach 
and. one factor at two levels are chosen, requiring 32 plots in alj for 
one complete replication of all combinations of treatments. The 
inclusion of 32 plots in a single block introduces heterogeneity of plots 
due to soil fertility variations, and affects the precision of treatment 
comparisons. Confounding is suggested by having four sub blocks 
of 8 plots each. As emphasized in earlier designs, the main criterion - 
for the formation of treatment groups to go into different sub blockg 
is to confound only the highest order interactions. But this may not 
always be possible in a mixed series when factors are chosen at differing 
number of levels, when usually some lower order interaction is also 
confounded. In the present situation, for instance, it is impossible to 
group the treatments so .that only second order interaction is con- 
founded.’® But the plan given in Table 10.13, for instance, con- 
founds the second order interaction to the greatest extent possible, 
with one first order interaction as little as possible. Designating the 
3 factors as A, B, C with factors A and B chosen at 4 levels each and C 
at 2 levels only, the plan confounds the second order interaction ABC 
to the maximum extent possible, with minimal confounding of AB 
tnteraction. The three main effects A, B, C and the other two first 
order interactions AC and BC are all kept free of block effects. These 
effects are estimable as if confounding is not introduced in the design. 


Taste 10.13 
Plan of 4° <2 design — 


- Rep i 


. Rep I 
Block | 
2 3 4 








: 
ee ee eee et -—_ 
pooch 
are ese neem, 





abc abc abc abc 


| 001 |.000 | 020 | 021 
( O10 | O11 | 031 | 030 
100 | 101 | 121 | 120 





200 
221 
311 
330 
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Rep Ill 
oe Block 
5 3 | 
abc abc abe abo 
001 000 010 O11 
030 031 021 020 
110 111 10] 100 
12} 120 | 130 131 
21 210 | 200 201 
220 221 | 231 230 
300 | 301 | 311 | 310 


331 | 330 ; 320 | 321 


~ 


Treatment Allocation——The treatments are randomly allocated 
within each sub block and the sub blocks themselves are also randomised 
within each replication. -Randomisation should be done with respect 
to replications also. This makes a valid estimation of the error 
variance and tests of significance. | 


10.3.1. Statistical. Analysis.—Statistical analysis for this design 
is much involved and treatment means of the confounded effects need 
adjustment due to block effects... The various steps involved in the 
procedure are worked out in the following example. 


Example.—A fertilizer trial of ammonium sulphate on the yield - 
of wheat (Amrut) was conducted in the year 1963-64 in the Agricultural 
Research Station at Nargund. The design employed was a 4 x 4 X 2 
desiga, with the following treatment levels: 

Factor A (Ammonium Sulphate): 

a= 10 lb/acre, a, = 30lb/acre, a, = 60 Ib/acre, 


a, = 90 Ib/acre. 


Factor B (Methods of Application): 7 
by ss Drilling, b, —_ Placement 2” apart and | 2" below, a 
b; = Broadcasting, bs = Deep placement or plough 
sole. : | 
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Factor C (Types of carriers): 
cy = Ammonium sulphate ‘only, c, = Ammonium gy 
mixed with cow dung. Dhate 


The layout of the plan, after randomization, but with sub b] 
arranged in proper order for convenience of analysis, is tives 
Table 10.14. in 


TABLE 10.14 
Yield in kg./plot of size 16.5'x 16-5’ (net) 
| Replication I 




















Block 1 . Block 2 Block 3 _ Block 4 
ee, ee errres ks 
11 320 311 2 
(0°43) (0:35) (0-15) (0-22) 
330 | 110 201 | 021 
(0-05) (0-27) 0-40) | 0-47) 
321 101 031°. |: 301 
(0-07) (0-30) (0-50) ; (0-37) 
220 011 020 
(0:25) (0-32) (0-35) (0-33) : 
010 221 210 
(0-28) (0-45) (0°63) 0 : 55) 
231 331 300 i 
(0-40) (0-40) (0-56) | 0 ; 60) 
00l 230 121 
ac 
100 000 
130 
(0-57) | (0-48) (0-62) 6 7 
Bi,= 2:40 i 
11 w= 2:77 | Biy= 3-53 | B= 3-64 





i ee 


Since the a iS | 
nalysis is somewhat complex, the stepwise procedure of 


analysis is given to facili 
putation. - litate the reader to follow the method of com- 


hel Josten es. Lowel — .14.—Unlike in the previous 
- tion . par ; 4 design, A . 
tions are partly confounded in each replication, ‘As a’ resckt of ti 

7 ysis of this design is more involved he palating these 
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Tannin 10.14 (Contd,) 


Replication 


, ee ee eee nen Oe ee Be 


— 
——— 
—_— 


Block | | Block 3? | Block 3 


| Block 4 


el ac. 





311 | 331 : 010 | 100 
(O72) | (13) | (022 (0-15) 
001 000 3020 
(0-40) (0-82) (0-10) (0-25) 
020 021 | 300 =| C80 
(0-45) (0:72) | (0:45) (0°45) 
221 111 101 | Olt 
(1-05) | 77) — || O85) Ss (0-57) 
| | | 
110 | 130 | 211 | 231 
(0-62) (1-07), 0-40) |. 036) 
131 | 21 | 321 | 320 
(0-18) | = (0-43) (0-25) | (0-43) 
200 = 120 121 
(0-70) | (0-68) (0°85) (0-88) 
330 | 310 031 301 
(1-27), (112) (1-12) | (1-00) 
Be 5°39 3=6:°74 | Bog= 4°24 | Bag= 4-09 


een ea 


components from the replications in which they are not confounded. 
Since the three main effects A, B, C and the other two interactions 
AC and BC are completely unconfounded in all the three sing ay 
the computation of sums of squares pertaining to these eftects Ri ow. 
the usual procedure of extracting such sums of squares, AS 1 1e Case 
of 3% and 4 x 2% designs, the analysis falls into si Tighe beng hes 
(A) computation of sums of squares for unconfounded ef si ~ 
B, C, AC and BC, and (3) isolation ot confounded componen so hee 
and ABC interactions from replications in which these components 
are unconfounded. 


(A) Computation of Sums of Squares for Unconfounded Effects: 


Main effects A, B, C and Interaction Effects AC and Deo Sines ne 
effects: are unconfounded, their sums of squares are computec 
usual way as follows:— 


DBSIGN AND ANA 













Replication WW - 
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aac ey rrr 
——— Block 2 Block 3. | Block 4 
O 
2 ee ice 
330 ~ 103 201 
a ”) | (088) (1-00) (0-80) 
221 021 310 
dion | 2°30) (1-15) (0-85) 
210 010 O11 
(100) (0-77) (0-55) (0°75) 
01 031 311 020 
(1-00) (0-99) (0-80) (0-60) 
331 000 130 321 
(1-10) (0-98) (0°87) (0-85) 
220 301 320° 230 
(1°12) - (0-78) (1-25) (0-60) 
300 120. 231 100 
(1-27) (0-95) (1-03) (0-85) 
121 Wi 200 131 
(1-20) (0-70) (1-15) (1-02) 
B..= 7°80 | Bgg= 6°32 








Step 1.—Compute for Table 10.14 the following: 
(a) Sub block Totals: 
Bi, = 2°40, By, = 2-77, By, = 3°53, By, = 3°64. 
Bo; = 5:39, Bye == 6-74, Boy = 4:24, By, = 4:09, 
Bs: = 8:78, Bop = 8°35, Bas = 7:80, By, = 6°32. 


Note.—The numberin 


in 
Table 10.13. 8 Of Blocks B,,, By, etc., should be according to pian 


(6) Grand Total (T): 
T=Byi+ Bet... + Bg, 
= 2:40 + 2-77 +)... +632 = 64:05. 
(c) Correction Factor (CF): 


CF rm (64-05)? 


=. Total ni here LL = wx 42°73, 
Total number of observations 96 42 








(d) 


(e 


q-wa 
figur 
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(d) Total Sum of Squares (SSQ.): 
= (0°43)* + 00. +E ‘Q2)? — 42-73 
= 55:49 — 42°73 = (2-76. 
(e) Block Sum of Squares (SSQ,): 
(SSQ,) = a) oe — CF 
(2:40)* +... + (6:32)? 
5 — 42-73 
=: 49-49 — 42-73 = 6-76. | 
Note.—Sinoee each block is a sum of 8 observations, the divisor here is 8. 


Step 2.—From Table 10.13, construct the following 3-way and 
2-way tables required for computing various Sums of Squares. The 
figures are totals over all the three replications. 


TABLE 10.154 








b, ‘bp By | bg by bg Total 










a, | 2°28 1:05 1:40 2°02] 1°75 1:64 2°34 2-61 | 15-09 


a, | 1-57 1-89. 2-13 2-56] 2-15 1:90 2-40 1-80] 16-40 
a, | 2:18 1-65 2:05 0-90} 1-63 1-69 3-80 1-79 | 15-69 


2:03 2-20] 2-15 1:67 1-17 2-63 | 16-87— 





TotaL| 8-31 7°33 7°61 7:68 | 7°68 6:90 9:71 8-83 | 64-05 


TABLE 10.1505 TABLE 10.15 ¢ 






; 
| bo | b, bp bs Total Co Cy 





Ao 4-03 2-69 3°74 4:63 | 15-09] 6:75 8-34 
ay 3:72 3-79 «4°53. 4236 | 16°40 | 8:15 8-25 
a, | 3-81 3-34 5°85 2°69 | 15-69 | 6-78 8-91 
ds 4:43 4-41 3:20 4:83 | 16:87 | 9:25 7-62 


Pi 2c te a ne 





er 


; 


ToraL| 15-99 14-23 17°32 16:51 | 64:05 | 30-93 33°12 


(= Ser ereneeeyppivtmsimaneiasabieapegrasiactosnancon oes su seep rcp ee preremmrengeeemsnnns snares isin aA SAAD AO 


eee ER NIN 
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TABLE 10.15d 





| Co Cy Total 
— 
be 8.3] 7°68 15°99 
as ol ~ 

b, 7-33 6-90 14°23 

b, 7-61 9-7] 17°32 

bs 7-68 8-83 16°51] 

30-93 33°12 64-05 





Step 3.—Compute marginal totals for the above tables and check 
for the agreement for Grand Totals. 


Step 4.—By using figures in tables of Step 2, compute sums of 
squares for A, B, C, AC and BC effects in the usual way. The pro- 
cedure is as follows: 


@ Sum of Squares for A levels (SSOQ,): 


$s0, = (15-09) + (16-40)? (15-69)? + (16 + (16:87)? op 


7 _ (From Table 10-15 a) 
= 42:81 — 42°73 = 0-08. ) 


Since each total such as 15: -09 is a sum of 24 observations, the 
divisor is 24. 


(6) Sum of — for B levels (SSQ,): 7 
.9Q)2 2 2 .&1)\2 
SsQ, - 99)2 +. (14-23) ane 32)* + (16 pee CF 
| (From Table 10.15 5) 
= 42-95 — 42-73 = 0:22. 
Since each total such as 15:99 is a sum of 24 observations, the 
divisor is 24. 


(c) Sum of squares for C levels (SSQ,): 
° a “ 2 ; 
SSQ, = ee —CF (From Table 10.154). 
= 42°78 — 43-73 = 0°05 


The divisor in this case is 48, because: of 48 observations in each 
total. | ) 
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(d) Sum of Squares for AC Interaction (SSQ,.): 


= (6°75)* +... + (7-62)? 
AC 1 ai a a ce Man 


(From Table 10.15 c) 
— 43:22 — 42°73 — 0:08 — 0:05 = 0-36. 


The divisor is 12 since each total such as 6:75 is a sum of 12 obser- 
vations. 


(e) Sum of Squares for BC Interaction (SSQ,,): 


8-31)? + ... + (8-83)? : 
(SSQuc) = et te — CF — SSQ, — SSQ, 


| (From Table 10-15 d) 
== 43-21 — 42-73 — 0°22 — 0:05 = 0°21. 


(B) Computation of Sums of Squares for Confounded Effects: AB 
and ABC Interactions 


Since these two effects are partly confounded in each replication, 
their sums of squares are computed in a special way. For this, first 
we compute the sums of squares for AB and ABC interaction effects 
as if they are unconfounded. To the sums of squares thus obtained, 
adjustments are made for block effects. 


The systematic method for 
obtaining the same is given below: 


Step 5.—(@) From Table 10.15 b, first compute the unadjusted 
sums of squares for AB interaction in the usual way. 


Unadjusted SSQ,, 
. 2 
SSQ,,; = alas aha 


—— 


222 os 
_ + (55) _ cF — $8Q, — S8Q, 
Ly (From Table 10.15) 
— 44-40 — 42-73 — 0-08 — 0-22 = 1-37. 


(b) From Table 10.15 a, compute the unadjusted sums of squares 
for ABC interaction in the usual way. | 


Unadjusted SSQusc 


SSO... = @-28)" + ty — CF — SSQ, — sso, 


— SSQ,.. — SSQ,s — SSQac ee SSQic 
_ 45-92 — 42-73 — 0:08 — 0-22 — 0-05 — 1-37 
_ 0-36 — 0:21 = 0-90. 


Step 6.—For the sums of squares thus obtained for AB and ABC 
interactions, adjustments are made in the following way: 


(1) Let T,,, be the total of all the plot yields over all replications 
receiving the same set of treatments in (mn) block, where (mn) block 


= 


| 284 DESIGN AND ANALYSIS OF FIELD EXPERIMENTS 
| n-th block in the m-th replication (m = 1, 2, 3; n= 1,2. 
| Thus Tar ds the sum of 24 plot yields (8 from each replication) receivin™ 
| the same treatments as in the Block 1 of Rep 1, viz., (O01, 010, 100, 113 
i 220. 231, 321, 330 of Table 10-13). Since replication totals are availabe 
| for each treatment in Table 10.15 a, the totals for T,,, (m = 1, 2, 3. 
n= 1, 2, 3, 4) are easily computed by adding figures for those treat 
ments which appear in n-th block of m-th replication in Table 10.13. 


Examples : 
(i) Ty, = (001) + (010) + (100) + (111) + (220) + (231) 
+- (321) + (330). 
_ 1-75-+1-05-+1-57+4+1-90-+2-05-+1-79-+1-17+2-20 
== 13-48. | 
(ii) Toe = (O11) + (020) + (100) + (131) + (201) + (230) 
+ (310) + (321) 
= 1-64+ 1-40 + 1-57 + 1-80 + 1-63 + 0-90 + 
+ 2:74 + 1-17 | 
sx 12°85. : 
» (2) "Let' Pz be the adjusted total for T,,, after deducting the block 
total B,., where B,, values are computed in Step 1 (a), that is: 
wa = hyo as Ban: 
Pu = Ty — By = 13-48 — 2-40 = 11-08 
and 


Psa = Tas — Bua = 12-85 — 6-32 = 6-53. 
Tables’ 10-16 a@ and 5 report values for T,,, and P,,,. 








TABLE 10.16a 
T mn Values 
Blocks (7) 
Total 
] Ty, = 13°48 | Tyg = 17°32 | Tyg = 16°20 | Ty, = 17-05 | 64:05 
a To: = 16°69 | Too = 18°13 | Tog = 13:98 | Tag = 15-25 64-05 
3 | Ty, = 16-71 | Typ = 18-72 | Tos = 15°77 | Tyg = 12-85 | 64:05 


Check :—Each row total of 64.05 should agree with grand {total. 
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TABLE 10°16 h 


Pan Values 





—_—_—— 
od 


Blocks (n) 
2 


2 4 






P,, = 11-08 | P,, = 14-55 


Pi. = 12-67 Py ces 13-4] 
Po, = 11-30 | Pop = 11-39 | Pog = 9-74 | Pyg = 11-16 
Psy eee 


7°93 | Pos == 10°37 | Pay = 7-97 | Big = 6°53 





Step 7.—Compute the following adjustment factors for AB and 
ABC interactions sums of squares obtained in\Step 5. 


(a) For AB interaction, the adjustment factor is: 
3 % 
te 2 Past Pra Poe —Pae)*— te 2 Torta Te Tne? 
For our example, this is equal to: 
de (11-08 + 14-55 — 12-67 — 13-41)? 
+ (11-30 + 11-39 — 9-74 — 11-16)? 
+ (7-93 + (10-37 — 7:97 — 6-53)?] 
— dy [(13-48 + 17-32 — 16-20 — 17-05)? 
+ (16-69 + 18-13 — 13-98 — 15-25)? 
+ (16-71 + 18-72 — 15-77 — 12-85)3] 
= 0-28 — 0:87 = — 0-59. 


(6) For ABC interaction, the adjustment factor is: 
. 3 : 8 
ex 2 (Pmi— Peat Pms— Pa)? +e 2 (Par Pmo— Pst Pma)® 
mi ec] 
— te Fhe — Toe + Tia tn 
mea) 


he U8 x (Tha pea Tae om Tas + Twa) 


eat 
For our example, this is equal to: 
Ar (11-08 — 14-55 + 12-67 — 13-41)? + (11-30 — 11-39 
49-74 — 11-16)® + (7:93 — 10-37 + 7:97 — 6-53)}" 
de + [(11-08 — 14-55 — 12-67 + 13-41)" 
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4 (11-30 — 11°39 — 9-74 + 11-16)? 


4. (7:93 — 10:37 — 7:97 + 6°53)?] 
— [13-48 — 17-32 -+ 16-20 — 17-05): 
4- (16°69 — 18:13 + 13-98 — 15-25)? 

4. (16-71 — 18+72 4+- 15°77 — 12-85) 
A, [(13-48 — 17-32 — 16-20 + 17-05)* 
4. (16-69 — 18-13 — 13-98 + 15-25)? 
4 (16-71 — 18-72 — 15-77 + 12-85)? 

— 0:33 + 0-38 — 0-31 — 0-35 = 0-05. 





Step 8.—The adjusted SSQ,, for AB interaction is obtained by 
adding the correction factor in (a) of Step 7 to unadjusted SSQ,, in Step 


5 (a). 
Adjusted SSQ,,: 
SSQ,, = Unadj SSQ,, + (Adj. factor) 
— 1-37 + (—0-59) = 0-78. 


(5) The adjusted SSQ,,. 1s obtained by adding the correction 
factor in (b) of Step 7 to unadjusted SSQ,,, in Step 5 (6): 


Adjusted SSQ,,, 
SSQ,,. = Unadj SSQ,,. + (Adj. Factor) 
= 0-90 + 0-05 = 0-95. — 


Step 9.—Finally the Error Sum of Squares is obtained by sub- 
traction : 
SSQ, = SSQ, — 5SQ, — SSQ, — SSQ,* — SSQ, 

: — SSQu, (Adj) — SSQue — SSQuc — SSQuac (Adj) 
-= 12-76 — 6:76 — 0:08 — 0:22 — 0-05 — 0-78 
| — 0:36 — 0:21 — 0:95 
== 3°35. 
* This SSQ, refers to Sum af Squares due to Factor B. 
Step 10.—Set up ANOVA Table 10.17 


The F-values reported in the last column of the above table show 
that no effect was found to be statistically significant. 


10.3.2. Construction of Summary Tables 


- The usefulness of factorial experiments in providing information 
concerning the treatment means due to various combinations of 
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TABLE 10.17 


ANOVA table for dyc4 x2 design 
Schematic 


AIOE em ele 2 6ewe eeree 
~~ —_ 
































a thee al cet a Fea noth SO 








ee ee 
m : 
Source | df SS MSS 
Blocks 1] SSQ, 
Treatments ’ oo 
A 3 SSQ SSQ,/3 
B 3 SSO. S803 
C i SSQ.. SSQ,/1 
A B (Adjusted) 9 SSQ,, SSQ,,/9 
BC 3 | S8ON $80") 
ABC Be SSQ,,/3 
(Adjusted) 9 SSQ pac SSQ,,./9 
Error ; 33 SSQ,. SSQ,)53 = Vx 
TOTAL ! 95 SSQ,. 
: 
Numerical 
Source | df | SS | MSS | F... 
Blocks 11 6-76 0°62 9-8 
Treatments 
Ammomum 
sulphate levels 
(A) . 3 0-08 0-03 <i 
Methods and | 
application (B) 3 0-22 O-07 be 
Type of carrier 
(C) 1 0:05 0-05 a 
A B (Adjusted) 9 0:78 0:09 1-4 
AC 3 0-36 0-12 1:9 
BC 3 0°21 0-07 1-1 
(Adjusted) * 
Error $3 | 3:35 | 0-063 
| Se Oa aoa 
TOTAL 95 | 12-76 


i irae | ret 
* Since the levels are fixed, the df for this are numerically indicated. 
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treatments has been adequately emphasized in the design'4y o 

the present casc of 4x4x2 design, the treatment means of he In 
effects and those of AC and BC interactions need no block adjustmet® 
as they are all unconfounded, while the treatment means of Ap nents 
binations of treatments and those of ABC combinations need ee 
ments for block effects as these effects are confounded in the dessan 


Tables 10.18 (a) and (), give the mean values of the main effect, 
of A, B, and C and their unconfounded two-factor interactions Ac 
and BC. These means do not need any adjustments. The values 
are simple averages of the treatment totals over all the three repjicg. 
tions. 


TABLE 10.18 a” 
Means for A X C effects 





Levels of A 
ae i 
of C 


Levels of C Ay a + @ as effect 





* Obtained by dividing each total in Table 10.15 ¢ by 12. 
TABLE 10.18 5* 
Means for BXC effects 








Levels of B 
: | Main 
Levels of C bo b, b, bg. | effect 
: of C 
Co O - 63 0 * 65 
C, © 0-81 0-69 » 





Main effect of 
B: 0-67 








* Dividing each value in Table 10.15 d by 12. 
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(2) Tables of Means for Confounded Treatment Effects.—Tables 
10.19 (@) and (b) give the mean values (unadjusted for block cffects) 
of the confounded effects of AB and ABC combinations of treatments. 
These means necd adjustments for block effects for which the pro- 
cedure is given in steps given below: 


TABLE 10°19 a* 
A B-means (unadjusted )t 


A-levels 








B-levels Qo | ay Ay A, i 
bo 0:67 | 0:62 | 0:64 | 0-74 
b, 0-45 | 0:63 | 0-56 | 0-74 

by | 0-62 | 0-76 | 0-97 | 0-53 


be 0:77 | 0:73 | 0-45 0-81 


* Obtained by dividing each value in Table 10.155 by 6. 


y+ These means are computed as simple averages over all Replications. 


TABLE 10.19 b* 
ABC-means (unadjusted) 
C-levels 


I pa i 


Co C1 


a 





nr 


Ao ay As As ag a4 As, As 


B-levels 





eee ee Sa ree a ee aa aL 
b, | 0°76 0°52 0°73 0-76 | 0:58 0:55 0:78 0-87 
0:72 0:63 0:80 0-60 






RT 


b, | 0-35 0:63 0°55 0:91 


————— ae 


ee ee _——— 
b, | 0°47 0:71 0:68 0-68 | 0:54 0:56 1:27 0-60 


ae | ——— 


eee peste nn CEL IE 


b, | 0-67 0-85 0-30 0-73 | 0:72 0°56 0:39 0:88 








* Obtained by dividing each value in Table 10.15 a by 3. 


Treatment Adjustments for ABC Means 
Step 1.—(a) Compute Ayn, the block adjustment values. 
linn = (3Bmn — Tmn)/16, m= 1, 2 3 (Replication), 
n=1, 2, 3, 4 (Blocks within each Replication). 
19 


ih 

| 7 
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i 
} 


Example: | 
ie | hy = GBy — Tid/l6. = to X a = — 03996 
i | Hag = (3 Boo — To:)/16 = Seiad ws to ae) = + 0-1306 
|, es Oy (3 x 8° =e a! = + 0-3956, 
CIC. CIC. 


The /,,, values are reported in T able 10.20. 
| TABLE 10.20 


Block adjustment values | 
Ee tes 

















\. Rep 
\ (7) 
“ 2 3 A 
Blocks 
@) oN 
hy, hy» : hys hy, 
, —Q-3925 —Q-5631 —Q-3506 —0-383]1 
2 hi, - hig hos hy, 
—Q-0324 0-1306 —Q-0788 —Q-1863 
3 hy; hsp hg, 
0-6019 0 +3956 0-4768 0-3819 
Check: The sum of all h,,,, values should add to zero. That IS Hyg sw on 


++ hz3g = 0 except for rounding of error. : 


; Step 2.—Identify the blocks in the three replications in which a 
particular treatment occurs. For instance, the treatment a,b,c, occurs 
in blocks B,,, Bo, and Bgo of the three replications. Then the’ adjust- 
ment to the treatment, mean (a,b,c) is given by (a,b,c,)’ = (a,b,c,) 
— (Ay, + Meg + hge)/3, where (a,b,c,)’ is the adjusted mean and (a,b,c,) 
is the unadjusted mean and fA’s are all the block adjustments in 
which the treatment (a,b,¢c,) occurs. 


From Table 10.19 b, (a,b,c,) = 0:63. The adjusted mean (a,b,c,)’ 
is given by: 
(a,b,c,)" -= 0-6300-— (— 0-3925 + 0:1306 -++ 0-3956/)3 
= 0-5855 = 0-59 (kg/plot). (Approx) 
Table 10.21 ‘gives tle Adjusted Treatment Méans for ABC ‘Treat- 
ments combinations... - - +. ¢ 16 , 


or - 


f 





CONFOUNDED DRrsIGNs 291 


TABLE 10.21 
Adjusted Treatment) Means for ABC combination 


- 


ee — 


Cy) C4 


i i ALLA LALA —s Eee Se awe 








dy QQ) Uy Ay Ay a; Ay a, 


—_— —_-— oe _— -_—_——— ———— 


be 1 et eee 0:71 0:70 | 0:52 0:77 0:49 0:76 


———— ne 





hp, | 0-35 0°63 0:60 0-87 | 0-67 0-69 0-52 0-53 


EE 


naa 


~~», | 0-47 0-73 0-57 0:76 | 0-71 0-78 1-33 0-47 





ee 


5, | 0-66 0:78 0-39 0-74 | 0-88 0-61 0-63 0-82 


Treatment Adjustments for AB-table Means.—The adjusted means 
for AB-combinations of treatments are easily obtained as simple 
averages Of adjusted means of Table 10.21 for ABC combination. 


‘TABLE 10.22 
Adjusted AB-means 


re 


: Mean 
Ay Ay A» As of 
| B-levels 





SY ee ee 
Ds | 0-65 | 0-638 | 0:60 | 0:74 | 0-67 


—— | el o_o 

















Teak On | 0-66 | 0-56 0-70 0-61 
an b, | 0-59 | 0-76 | 0-95 | 0-59 0-72 
_ bs | 077 p 0-70 [| o-s1 | o-78 | 0-70 
SG or | ae eek VERN e NT 
A-levels | 0:63 | 0:70 | 0-65 | 0-70 




















is 


Example:—The adjusted mean (a)bo)’ of treatment Ayb) is given by 


(agbyy = (eaPateY (Gobet 


S097--+ 0-52 1:29 o.¢s 
= PN a | 


i Table 10.22 reports the adjusted treatment means for AB com- 
ations of treatments. 
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Standard Error.—The Standard Error formula for the main eff 
ual form +/2V,/r since they are unconfounded ae 

f the interaction types, the Standart 

r 


f treatments O 
ges, since block effects are confounded 


he formulas are involved, they are poy 


remain in the us 
For comparison 0 
Error formulas un 
with such treatments. 


reported here. 


dergo chan 
Since t 





CHAPTER 11 
SPLIT PLOT DESIGNS 


11.1. In agricultural field experimentation 3 ici 
Randomised Block and Latin Reaniacre Designs is Bes gs tee Als 
when the number of plots per block (in RCBD) or per row and column 
(in LSD) goes above, say, ten or twelve. For, in this case, soil hetero- 
geneity 1s not controlled well so that the residual error per plot will be 
considerably large. This is all the more true in the case of factorial 
experiments, since the number of treatment combinations would soon 
become large, either due to the inclusions of several factors, or a small 
number of factors each at several levels. In order to overcome this 
difficulty in the loss of precision as a result of heterogeneity, the principle 
of confounding was brought into designs of which the most important 
and widely practised ones are the confounded designs discussed in 
Chapters 9 and 10. The sacrifice of information was usually on higher 
order interactions, but this with the dividend of estimating the other 
effects with greater precision as if completely unconfounded. 


In this chapter we consider yet another class of designs, known as 
split plot which permit us to estimate the effects of certain factors at 
reduced precision while providing greater precision for estimating the 
effects of certain other factors. The three common situations under 
which these designs—split plot designs—can be profitably employed 
are : 


_ (1) An experimenter may have already possessed some know- 
ledge about the main effect of a certain factor so that his interest 
lies in estimating the interaction effect of this factor with some 
other more important factor in whose main effect also he is equally 
interested. In either case he wants to estimate the latter two effects 
with greater precision for which he is prepared to sacrifice the 
precision in estimating the first main factor. 


For instance, an investigator may be interested in finding 
out the effects of four different methods of application of sulphur 
(harrowing, wooden ploughing, drilling, furrowing) on the yield 
of wheat crop, while at the same time his interest lies in finding 
out how these effects get altered as a result of different times of 
application (say July and August) of these methods. Since his 
interest in the main effect of time uf application as such is not so 
important, he is prepared to estimate this effect (main effect of time) 
at reduced precision by providing scope in the design to estimate 


the other two effects with increased precision. 


(2) The second common type of situation when the split plot 
design is automatically suggestive 1s the difficulties in the execution 
of other designs. For instance, if ploughing is one of the factors 
of interest, then one cannot have different depths of ploughings in 
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s scattered randomly apart. Similarly if ify 
con oe Poigation are chosen, then random distribution of “ai 
‘evels in an ordinary experiment may involve difficulties in the 
ractical execution of such plans. This difficulty may, however. 
be offset partly by having strips of plots (in one unit of block, say) aj} 
treated alike, 7.e., receiving the same level of irrigation Or same 
depth of ploughing; different levels of irrigation or different 
depths of ploughing can, however, be randomly distributed over 


such strips. 


(3) The third situation in which the experimenter may adopt 

a split plot design is this. A particular factor (factors) under 

- investigation exhibits large treatment differences which can be 

easily detected even in bigger plots, while a second factor (factors) 

requires comparatively smaller plots to detect smaller treatment 

differences. ‘Then the first factor will be tested in whole plots 

and the second factor whose treatment differences are small will 
be tested in small plots or sub plots. 


11.2. DESCRIPTION OF THE DESIGN 


The main features of the split plot design are: 


(1) each replication is divided into several plots called whole 
plots or main plots which receive different levels of first set of 
treatments. 


(2) each whole plot is further divided into smaller plots, also 
called sub plots, which receive different levels of a second or an 
additional set of treatments. 


The treatments to the main plots within each replication and the 
treatments over sub plots within each whole plot, are all assigned at 
random. 


In the previous example that we cited regarding the effect of sulphur 
treatment on the yield of wheat crop, the main plot treatments may be 
the two dates of application (d, = July 15th, d, = August 15th) while 
the four methods of application of sulphur (s, = Harrowing, 
S, = Wooden ploughing, s, = Drilling, s, = Furrowing) constitute the 
four sub plot treatments applied within each main plot treatment. 
When treatments are randomized over whole plots and over sub plots, 
the plan layout might appear as shown in Table 11.1.* 


The reader will recognize that an observed yield such as (2°30) 
in any sub plot is the result of several sources of variations, viz., 
(1) The effect of a particular level of fertility of replication, (2) the 
effect of a particular main plot treatment (d, or d,) received by that plot, 
(3) the effect of a particular type of sub plot treatment (s,, s,, s3 Or 54) 
received by that plot, (4) the joint or the interaction effect of a parti- 


cular main plot treatment and a sub plot treatment and (5) error com- 
ponents, ; | 








SI 


\ 


dy 


\ 


ds 
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\ 


TABLE II, | 


Split plot design to determine the effect of sulphur application on wheat 
(Yicld data in kg./plot) 














~ Rep I Rep II 
Sy 53 v2 Sq S4 So Py Se 
4 | 4.39 | 3-30 | 3-02 | 3°22 2°95 | 3-15 | 2°94 | 2-90 
eee SEIS PELE ON eN non Cemcennn 
Sy Sy So S'3 Sg Sy S4 So 
@ | 4.93 | 2-08 | 2:98 | 2°57 2°10 | 2°52 | 3-07 | 2°45 
Rep III Rep IV 
PE ar | 
Si 5. Sy So Ss S Se Fi 
d | 
* | 2-26 | 3-10 | 2-22 | 2-10 | 3-22 | 3-32 | 2-95 | 2-90 
es Gee eee eee, a Reise Mathes: DMD SAneie Senne 
Sy S53 So S4 S3 Sy So | S4 | 4 
d | : 
” | 4.93 | Deage=4-23, | 5-97 3-20.| 2-37 | 3-40 | 2-83 











* The data pertain to the experiment conducted at Nargund Research | Station .during the 
year 1964-65. 


The last mentioned source, viz., ‘ error components’ may, in fact, 
be conceived of two types, one associated with the comparison of main 
plot treatments and the other associated with the comparison of sub_ 

plot treatments. Since the main plots are always bigger in size than 
the sub plots, the error component associated with main plots is gene- 
rally larger than the error component associated with the comparison 
of sub plots. 


11.3. STATISTICAL ANALYSIS 


The statistical analysis breaks up the total variations (SSQ.,) into 
several components mentioned above, vIZ., due to main plot treatment 
effects, sub plot treatment effects, their interactions, etc. The procedure 
of performing such an analysis 1s illustrated through the example for 
sulphur treatment on the yield of wheat. | 


The analysis may be best performed at two stages, viz., (a) first 
analyzing the data for the whole plot treatments and (b) then analyzing 
It further for sub plot treatments. 
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First let us compute the total variability (SSQ,) present jg th 
entire set of observations. This is obtained by computing- : 


Step 1.—(a) Correction Factor (CF) 
ae (Grand Total)? _ (89-10)? _ 
sth Total number of observations -32~—~«S 248 -@8 
(6) Total Sum of Squares (SSQ,) 
SSQ, = (2°30)? + ... + (2°83)? — CF 
= 254-05 — 248-09 = 5:96. 
This total variability which is the result of many sources of 


vaniations cited earlier may be ‘split up into different components. 
First let us determine the variability due to whole plot treatments and 


replications. 
(A) Whole Plot Analysis 


Step 2.—Sum the observations over all the sub plots within each 
whole plot to get the whole plot totals. The results are arranged in 


Table 11.2. 
TABLE 11.2 
Totals for whole plot treatments 
| | 
RepI Repl RepIII RepIV_ Total 
ener ee ete eee ee ee Se eee en 
Whole Plot d, 11-84* 10-14 10-85 12-39 45-22 
Treatments 
d> 10-46 11-94 9-68 11-80 43-88 








TOTAL 22-30 22-08 20-53 24-19 89-10 


le ee ee, ee ee eT ey 
the comparison 


* Since each total is a sum over all the sub treatments, 
between the main treatments (d,, d.) and among replications would not be influ- 
enced by the sub treatment effects. That is, the sub treatment effects are orthogonal 


to the above effects. 


The reader will recognize immediately that, within each replioa- 
tion, the two main treatments (d,, d,) appear and the data in Table 
11.2 may, in fact, be analyzed as a simple RCBD analysis. 


Step 3.—Compute: 
(a) Sum of Squares Between Replications (SSQ,) 


SsQ, = Sart ee _ CE 


= 248-93. — 248-09 = 0-84, 
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(The divisor for this is 8 since each tot 
Otal such ¢ +30 is < 
° observations. ) al such as 22:30 is a sum of 


(b) Sam of Squares Between Main 


ssQ, — (45 + 22)8 + (43°88)? 
) 


= 248-14 — 248-09 — 0-05. 


Treatments (SSQ,) 


[The divisor is 16, since each total (45-22) is the sum of 16 obser- 
vations. | 


(c) Total Sum of Squares of all the 8 values in Table 11.2 


(11-84)2 + 2.2. + (11-80)2 
= a ns FAL BOY _ CF 


== 249-79 — 248-09 = 1-70. 
(The divisor is 4 since each total such as 11-84 is the sum of 4 
observations. ) 
(7) By subtraction we obtain the error component associated 
with the whole plot treatment (SSQ,,) 
SSQ,. = 1-70 — 0:84 — 0-05 = 0-81. 


Step 4.—Set up now an ANOVA table for whole plot treatments 
as in Table 11.8. 


TABLE 11.3 
ANOVA for whole plot reatments* 


rn 











Source of Variation df | SS MSS | F-ratio 
oe ee SON an ee oe ey 

Replication 3 0:84 

Main Treatments (D) J 0-05 0-05 <= | 
Error (a) 3 0-81 0:27 

Total for Main Plots 7 1-70 


ee ee 





* For general case see Table 11:7. 


Step 5: Tests of significance.—The reader should a ons 
as pointed out earlier, there are two error spol mar Mie 
main plots and the other with sub plots. The ing Bee en 
in the above ANOVA table is the appropriate one Tor it & in 
Plot treatments for their significance, 


DESIGN AND ANALYSIS Or FIELD EXPERIMENTS 
as turned out to be non-significant, the differene 
f application 1s not statistically. significans 


298 


Since F-ratio h 
between the two dates oO 


(B) Sub Plot Analysis ~ | 
the. whole plot analysis, we note that, out of the 


, performing re 
al variability (SSQ,) of 5:96, we arc able to account 1-7 
total vé hole plot analysis. The remaining variability 


. > to the Ww 
Coacgt tae hes 4:26 is due to other sources of  variationg 
viz. The breakdown of this value (4 +26) 


fsub plot treatments. 


A _ oO : ; 
in respect ay be'accomplished as follows : 


into several components Mm 
rep 6.—Construct from Table 11.1, a two way table (Table 11 .4) 
indicating the sub plot treatment totals within each main plot treatment, 


TABLE 11.4 
Subtreatment totals 














Subtreatments 

(ee ee eS pk 

| | Sy So | Sg | S4 | Total 
a SSE 
Main dy 10-07 ie ee lO“ 12-46 45-22 
Treatments | 4, 10°36 11-63 Lie77™) 10°12 43 -88 
| | 
| Toran 20-43 | 23-55 | 22-54 | 22-58 39-10 
| 





| 


(Note.—Each value such as 10-07 is the sum of four values over four 
replications.) 


From this two way table we may analyze for the amount of varia- 
bility due to subtreatments and their interactions with the main treat- 


ments. 
Step 7.—Compute: 
(a) Sum of Squares due to Sub Plot (SSQ,) 
SsQ. = (20*43)* -- (23 «55)? - (22-54)? -++ (22:58)? _ CE 
= 248-74 — 248-09 = 0°65. 


(The devisor for this is 8 since each total such as 20-43 is the sum 
of 8 observations.) 


(5) Sum of Squares due to D x § Interaction (SSQ,,) 
(10°07)? + ... + (10-12)2 
SOs eT) — CF — SSQ, — SSQ, 


2= 249-57 — 248-09 — 0-65 — 0-05 = 0-78. 
[Note.—SSQ, is available in Step 3 (b).] 
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Thus, of the remaiming variability of 4:26, we have accounted for 
0:65 + 0°78 = | ‘43 due to two known sources, viz., due to sub plot 
treatment variation and the ‘interaction source between sub treatments 
and the main treatments. The remaining variability, viz., 4°26 ~— 1-43 
— 2°83 is unaccountable from any other known source and is, in 
fact, the variability produced duc to extraneous factors affecting sub 
plot treatments. The ANOVA table, for sub plot treatments may 
now be set up as in Table 11.5, 


Step 8.—Set up ANOVA table for sub plot treatments. 


TABLE 11.5 


ANOVA table for subplot treatments* 














Source of Variation df SS MSS | F-ratio 
TT 
Sub Plot Treatments 3 | 0-65 O<22 1-38 
Sub Plot x Main Plot Treatment | 3x1 0-78 0-26 1-63 
Error (bd) 18 2°83 : O-16 

TOTAL 24+ | 4-26 





* For general case see Table 11.7. 


{+ Note: Of the total df of 31, we accounted fcr 7 df associated with main plot 


analysis while the remaining df, viz., 24 are associated with sub plot treatments and 
Error (5). 


Step 9: Tests of significance.—Since F is non-significant, the effects 
due to subtreatments are statistically non-significant. 


Step 10.—The entire analysis of variance into different components 
can be suniiatised in the form of composite ANOVA Table 11.6. 


11.4. BREAKDOWN OF DEGREES OF FREEDOM FOR A GENERAL CASE 


We shall present in this section, the breakdown of total degrees 
of freedom into various components for the general case involving 
‘a’ levels of a main treatment A and ‘bd’ levels of subtreatment B, 
So that the same may be useful for any other situation. The case is 
Considered for the situation of r replications laid in randomised blocks, 


nt re ee — “we 


= tot—e., ES > 
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TABLE 11.6 
Complete ANOVA Table for daa of Table 11.1 


eee ee 





—--——— 





F-ratio 








Source of variation df SS | MSS 
a 
Main Plot Analysis 





Replications 3 0-84 0-28 


Main Treatment (D) 1 | 0:05 | 0:05 | 0-05/0-27 <1 
Error (a) 3 | 0-81 | 0-27 


Sub Plot Analysis 





Subtreatment (S) 3 0-65 O22 0-22/0-16 = 1-38) 
Interaction (D xS) 3 0-78 0-26 0-26/0°15 = 1-63 
Error (5) 18 2*83 0-16 
TOTAL er | 5:96 | 
TABLE 11.7 


ANOVA Table for Split Plot Analysis | 


Source | | df SS MSS 

Whole Plot Analysis | 

Replication (r—1) 

Main Treatment (A) (a—1) 

Error (a) _ (a—1) (r—1) E, 
Sub Plot Analysis 

Subtreatment (B) (b—1) 

Subtreatment x Whole (a—1) (6—1) 

Treatment (A x B) 
Error (5) | a (6—1) (r—1) F, 


TOTAL abr ~ 1] 
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301 
STANDARD ERRORS 


The Standard Errors, appropriate to specific comparisons of 
means, vary depending upon whether the comparison involves ‘ whole 
treatment > means or “ subtreatment’ means or both. For the general 
case With main treatment A at ‘a’ levels and subtreatment B at ee 


ere | - Md = . : - . 
levels and ©! replications laid as RCBD, the Standard Error for é 
may be shown to be as follows*: ormulaé 


(1) Standard Error for comparing two A means: e.g 


(as) — Cao: 4/70 (11.1) 


(2) Standard Error for comparing two B means: e.g., 


(bs) — (bo)]: , / (11.2) 


(3) Standard Error for comparing two B means at a fixed leve 
of A e.g., 


(arb) — (abo): 4/7 (11-3) 


(4) Standard Error for comparing two A means for a fixed or at 
different levels of B: e.g., 


(aby) — (obs) or [(ayb,) — (agb2)] ,{e= De + Be 


(11.4) 


The reader may notice that (11.4) is a sort of weighted average 
of E, and E,, weights being given in relation to the magnitudes of 
E, and E,. Since this formula involves two SE’s, the ratio of the dif- 
ference between two such means to their Standard Error does not follow 
‘+? distribution. In such a case the conventional ‘+’ table value is 
not applicable. An approximate test may be constructed by using the 
two ‘tf’ values, t, and f,, where f, is the significance value for f corres- 
ponding to the df for E, and f¢, is the significance value for ¢ corres- 
ponding to the df for E,. The weighted value of ¢ (significance value) 


is given by: 
ine (n= 1) Ext, ae Eqta 11.5 
by (6—1)E,+ E, ( o] 


The application of the above formulaé for comparing any two specific 
means of main or sub treatments for a given situation 1s simple but 
valid only when the appropriate F-test is significant. If F is non- 


pe EE 


* By using appropriate values for 1, Ma, s? in general formula for 


SEq = v/s? Aiea = 
Ny Ne 
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significant in analysis of variance, then ‘7’ test should not follow Such 
non-significant F-tests. In the example considered in Sec. 11, (D. 300 
none of the F-tests is significant and therefore it is not valid to Pe 
pare any two specific means of cither main treatments or subtreatments 
| etc. However for the sake of computational procedure, the same values 
: will be made use of for illustrating the application of SE formula ina 
valid case. 

(1) The SE for comparing any two main treatments such as [(d, )~(d,)} 


| 
aa 302 
| 

| 


a 


2 x 0-27 me 0-18 


SE = 14 


The least significance difference for any two main treatment means 
to be significant at 5 per cent level is given by: 
isd. = SE X fg, (3.dT) 
= 0:18 x 3-182 = 0°57 kg./plot. 


(2) The SE for comparing any two subtreatment means such as 


[(sx) — (S2)]: 


2x 0°16 
Sh =, fo = F. 


Isd, = SE X to, (18 df) 
= 0:20 x 2-101 = 0-42 kg./plot. 


Since the largest difference among subtreatment means = S,) 1s 
0-39 (From Table 11.3) no pair of means is significantly different. 


(3) The SE for computing any two subtreatment means such as 
[(Sod,) — (54,)], at a fixed level of the main treatment (i.2., within d,) 


SE = if 27 = 0-28 


Isd, = SE X tos (18 df) 
= (0-28 x 2-101 = 0-59 kg./plot. 


(4) The SE for comparing any two main treatment means (d, — d,) 


for any level of subtreatment, j.e., such as [(d,54) — (d25,)]: 
~~ {2(4—1) x 0-164 0:27] _ 4. 


Isd, = SE xX weighted t-value* = SE x #, 
_ 0-3] (4— 1) x 0-16 x 2:10] + 0:27 x 3-182 

a | (4— 1) x 0-16 + 0:27 

= 0:77 kg./plot. 


* ft, is given by formula 11.5, p. 301. 
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The reader should remember that these comparisons are to be made 
only if the corresponding F-test is significant. Since no F-value is 
significant, No comparison in the present example is admissible. 


11.6. SPLIT Spit PLor Dasign 

In See 11.2 we considered the case of a split plot design in 
which cach of the main plot was sub divided into four sub plots to 
accommodate four subtreatments. This concept of splitting each plot 
may be extended further to accommodate the application of additional 
factors. For instance, cach sub plot may further be divided into sub 
plots resulting in subsub plots or split split plots so that a third addi- 


tional factor may be introduced in combination with the first two sets 
of treatments. 


The construction, layout of the design, and the statistical analysis 
in such a case are exactly the same as for a simple split plot design, 
except a few additional sources of variations due to subsubtreatments 
and their interactions with the main and sub treatments, along with a 
third component of error E, associated with the subsubtreatment 
comparisons. Since a double split plot design is a common design in 


agricultural experiments, the methods of layout and statistical analysis 
will be illustrated through an example. 


Example.—A_ fertilizer-cum-spacing-cum-seed rate trial was tried 
in a split split plot design to find out the effects of various combina- 
tions of these factors on the yield of sugarcane. The experiment in 


four replications was conducted at Sugarcane Research Station, Ganga- 
vathi, during the year 1964-65. | 


The treatment levels, the plan layout, etc., are given in Table 11.8. 


The treatment combinations, the plot yields of Table 11.8 are given 
in the summary Table 11.9: | 


11.7. STATISTICAL ANALYSIS 


The statistical onalysis of the data of Table 11.9 may be carried 


out in three stages, viz., (a) Main Plot Analysis, (b) Sub Plot Analysis, 
(c) SubSub Plot Analysis. 


_ Before proceeding on to these, let us first compute the total varia- 
ted (SSQ,,) observed in the entire set of data of Table 11.9. For 
this : : : : 

Step 1.—Compute: 
(a) Correction Factor (CF): 


CE Beene (Grand Total) mer (16611) oe 666. 
~ “Total number of Observations a B22 


is Ae “Pa. 
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TABLE 11.8 


Field plan to find out suitable dose of nitrogen, optimum spacing and seeg rate 
for sugarcaiie 





a 











i icc mn master 
LT eR ekg a rene 
(2 Main plot) ™m Tala (I Main plot) xn, 
Rep! Sov | Sats Solo | Solo Sy | S4Po 
717) | (754) (583) 399) om) (365) | (262) | | (435) | (716) 
ER AAT Ra mee 
(1 Main plot) 1 (2 Main plot) n, 
RepIlI 
5179 Syl Sol | Solo Sol Solo 
(663) |(405) (400) | (390) (846) | (595) (548) ap 




















@ Main plot) n, (1 Main plot) 1, 
RepIII 
5417 54V9 Solo | Soft Sol'y Solo Sly SiT9 
(252) | (417) (610) | (435) (317) | (330) (467) | (740) 
(1 Main plot) n (2 Main plot) n, 
es Sy SV $ 
1/0 1/1 ol Solo Sol Sol Sr AYT A 
(235) | (638) | | (485) |.(367) (732) | (456) | | (819) | (534) 





vs lle ies Seema semepmmens eS 
Treatments : | 

Nitrogenlevels: Nyo=400 Ib/acre Spacing: sp=3-5 ft Seedrate: r,=10,000 sets/acre 

(Main) n=500 Ib/acre (Sub) s,=4ft (SubSub) r,=11,000 sets/acre 


Se Tanres neem? 


* This is a sub plot finally receiving the combination of treatment 71,51 
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TABLE 11.9 
Yield data in kg./plot 
Sl. | Treatments Rep I | Rep I | Rep Wl | Rep IV | Total 
No. 
ane EAS GaRanaaereT iaaes er eee, ; 
1. NoSol'o 262 390 330 367 1349 
‘a NoSol'1 365 400 317 485 1567 | 
3. MgSyI'q 716 663 740 235 2354 : 
4. NS? 435 405 467 638 | 1945 
oe Solo 585 595 610 132 2522 
6. 12,8 oly 379 846 435 456 2116 
ds 1148419 717 545 417 534 2213 
8. | mys 754 720 | 252 819 2545 
Toran _—' | 4213.:«| «4564 «| «3568 | 4266 | 16611 





(b) Total Sum of Squares (SSQ,): 
SSQ, = (262)? + ... + (819)? — CF 
= 9578737 — 8622666 = 956071. 


(A) Main Plot Analysis (Nitrogen Levels: N) 


The. Main Plot Analysis consists in analysing the component of 
variability due to (1) Main treatments, (ii) Replications, (iii) Error 
component associated with comparisons of Main Treatments. | 


Step 2.—For each Whole Plot, sum the observations over all 


sub plots and sub sub plots within each replication. Set up a table as 
in Table 11.10. | 


Since each level of main treatment (i, Ny) has appeared in each 
replication, the data may be analyzed as a simple RCBD analysis. 


Step 3.—Compute: 


(a) Sum of Squares of all the eight values in Table 11.10: 
__ C1778)? +... + (2541)? _ CE 
4 
20 





‘ pj 
GH 
ry 1a 

‘ 


Bis a] 
| | 
hl OP MELD EXPERIMENTS 
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| | — 8918132 — 8622666 
e= 295400. 


TABLE TI. 10 


Whole plot totals 


—— e+ —-- mae ee 
— eee = — 
—— 
oe 
— ae 
— —— 


Replications 


| | r i IV 


| 

| Total 
} ; 
, | 


-——— 





ny | 1778 | 1858 | 1854 | 1725 7215 | 
2435 | 2706 | 1714 | 2541 9396 


a i ee 


16611 | 
| 


‘Main 


‘Treatments’ My 


i ee 


 -Torat 4213 | 4564 | 3568 | 4266 








_ (The divisor in the above case is 4 because each value such as 
1778 is a sum of 4 observations.) 


(6) Sum of Squares due to N levels (SSQ,): 


| 2 2 | 
$5, — (215)? + 0390" top 


— 8771315 — 8622666 = 148649. 


(The divisor in this case is 16 since each total such as 7215 is a 
sum of 16 observations.) 


(c) Sum of Squares due to Replications (SSQ,): 


__ (4213)? +- (4564) +- (3568)? -++ (4266)2 
sh lacie: ———_—__—_—_—-—— — CF 


= 8688606 — 8622666 = 65940. 





SSQ,, 


(The divisor in this case is 8 because each value such as 4213 is a 
sum of 8 observations,) 


(dq) Error Sum of Squares associated with the comparison of Main 
Treatments: (SSQ,,,) : ; =m 


“SSQ,, = 295466 — 148649 — 65940 = 80877. 
Step 4.—Set up an ANOVA table for Main Plot Analysis. * 
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TABLE 11.11 
ANO VA table for Main Plot treatments 
Source of Variation = df SS MSS” F.ratio —_ 
Replications 3 65940 ea i 
Nitrogen levels | 148649 148649 5.5] 
(Main treatment) 
Error (a) 3 80877 26959 
TOTAL 7 295466 


* For general case see Table 11.17. 


Step 5: Test of significance.—Since the F-value observed -is less 


than the table value for F = 10-13 for 1 and 3 df, the main treatment 
effects are not Statistically significant. 


(B) Sub Plot Analysis (spacing: 5S) 


The main plot analysis accounted for only a part of variability. 


The remaining part of variability will be split into components due to 


sub plot treatments and subsubplot treatments and their interactions 


with the main treatments, (etc.) 


Step 6.—Construct a two way table (Table 11.12) showing the 


totals over sub-sub-treatments within each main and sub-plot for each 
replication. 


TABLE 11.12 


Main xX Subtreatments . 
Cy ee Ee 














Replications Total 
—_—$— $$$ | _ Total Over 
I | II Ill | IV (no-En;) 
i Siereetlemter 8 eS 
5, 627 | 790 | 647 352 | 2916 
No 
s, | 1151 | 1068 | 1207.) 873 | 4299 | so= 7554 
s, | 964 |. 1441 | 1045 | 1188 | 4638 
= | 5, = 9057 
Sy 1471 | 1265 669 | 1353 4758 
{ 


TOTAL 4213 4564 3568 4266 16611 


es 


. This table provides information about variability due to Spacings, 
Interaction _ between Spacing x Nitrogen and Error component (5) 
for comparing subtreatment means. | | 








yy | 
: 

ts 
fl 
be 
1 
i 


; 


LG 
ao. 


te cen ~ 
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Step 7.—(a) Sum of Squares over Spacings (subunits) (SSQ): 
__ (7554)? + 9057)" CF 
SSQ, = ee ? 
— 8693260 — 8622666 = 70594. 


(The divisor for this is 16 since each total such as 7554 is a sum 
of 16 observations.) 
(b) Sums of Squares due to Interaction (SSQ,,): 
2 2 
SsQ,.* = (2916)? + (4299)? + (4638)* + (4758)? CF 
NS 8 
— SSQ, — SSQ, 
— 8891758 — 8622666 — 148649 — 70594 = 49849. 


Note.—(1) The divisor for this is 8 since each value such as 2916 is a sum of 
8 observations. (2) The value for SSQ, for main treatment N is available in 


step (3)) 
(c) Sum of squares for error component (5) associated with the 


comparison of sub treatments (Spacings) (SSQ,,): For this, square each 
value in Table 11.12 and from their sum, subtract CF, SSQ,, SSQ,,, - 


SSQ,, SSQ,, and SSQ,, 
2 Z 2 2 
ssQ,, = (627)? + (790)? + . : BL (669) ae (1333)" CF 


— SSQ, — SSQ, — SSQ,; — SSQ, — SSQ,, 
= 9198764 — 8622666 — 65940 — 148649 — 49849 
— 70594 — 80877 
= 160189. 
Step 8.—Set up ANOVA table as in Table 11.13 for subtreatments} 
TABLE 11-.13 | 
ANOVA table for subtreatments 





Source df SS MSS F-ratio 
Spacings - 1 70594 70594 :-0 2:64 
(Subtreatment) 
Interaction (NS) J 49849 49849 -0 1 -84 
Error (5) 6 160189 26698-2 
pa re oe 
TOTAL 8 280632 


Scere Le 


For interaction sum of squares, the values in Table 11.12 are added over all 
replicateions to obtain values for various combinations of N & S levels. 


{ For general case please see Table tet. 
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“ 2's Sirt. © oa atc F-values are less than table 
values f= ~° and 6 df, neither the spacin sR his 
action effects are statistically significant (5 Sa nor inter- 
(C) Subsubplot Analysis (Seed Rate: r) 


The two analyses, Wz., Main plot analysis (Table 
sub plot analysis (Table 11.12) together pont ca a ee 
795466 + 280632 = 376098, out of a total variability (SSQ_) of 956071 
obtained in step I. The remaining part, — viz., 956071—576098 
_- 379973 is yet to be explained by the variations in subsubplot treat- 
ments, their imteractions with other main and subtreatments, and 
error component. The method of analysis is as follows: 7 


Step 10.—From Table 11.9 construct a three way table showing 


the treatment totals over replications for various combinations of three 
factor treatments. 


Step 11.—Compute: 


(a) Sums of Squares due to Seed Kate (subsubunits) (SSQ,,): 
8438)? 2 
SSQ., = Sia — CP 
= 8624861 — 8622666 = 2195. | 
(The divisor in this is 16 since each total such as 8438 is the sum 
of 16 observations.) 
TABLE 11.14 


a 


Subsub Unit} (Seed Rate) 























Subunit ry | Fi 
(spacings) 
So Sy So Sy 
i ‘| 1349 2354 | 1567 1945 
~ "O No 
a © 3703 3512 
a2 oe 
= eh 2522 2213 2116 2545 
S§ de: 4735 4661 
Sn ee ha: ee eee Sener 
3871 4567 3683 4490 
T 
OTAL nis 8173 


a 


eee 
(b) Sums of Squares due to Interaction Effect of Main and 
Subsub . (SSQ,,s) : +a 066th | 
2 2 4735 ‘ 
$SO.= (3703)! + G512)° + C7) ee — CF 
ao SSQ,x ai SSQ5 
—= 8773937 — 8622666 — 148649 — 2195 = 427, 
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—(1) The divisor in this is 8 since each total such as 3703 j 
deoerott (2) The value for SSQ, is available in Step 3 (6). 


8 observations. 
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(c) Sums of Squares due to Interaction Between Spacings and Seeq 
Rate (subunit x subsubunit) (SSQ,,.): 


SSQss = 
— SSQ, — ony 


(3871)2 + (4567)? + (3683)? + (4490)? 


= 8695840 — 8622666 — 70594 — 2195 = 385. 


Note!—(1) The divisor in this case is 8 since each total such as 3871 —13494 


2522, is a sum of 8 observations. 


(2) The value for SSQy is available in Step 7 (a), 


(d) Sums of Squares due to the Interaction Effect of Main Unit 
x Subunit x Subsubunit (SSQ.,,..,): 


SSQysss = 


— SSQ, — SSQ, — SSQ,, — SSQ,; — SSQuss — 


(1349)? + (2354)2 +... 
4 


4 (2116)? + 0545)2 


— CF 
SSQ;5 


= 8952991 — 8622666 — 148649 — 70594 — 2195 
— 49849 — 427 — 385 = 58226 


(e) Finally the Error Sums of Squares (SSQ,,) associated with the 


_ comparisons cf sub sub treatments is obtained by subtracting all the 


sum of squares previously computed from the Total Sums of Squares 


(SSQ,). 


SSQ,. ee SSQ,. ae SSQ, is SSQ, is SSQaa = SSQ, ais SSQ,s 
ae SSQ.2 ‘a SSQ., is SS Qyiss — SSQ..5 aoa SS Qysss 








= 318741. 
_ Step 12.—Set up the ANOVA table for Subsubtreatment,* 
TABLE 11.15 
ANOVA table for Subsubtreatments 
Source | df | sS MSS | F.obs. 
Seed rate | “1 2195 2195 < 1: 
(Subsubtreatment) ae 
Main x Subsub r 1 427 427 <1 
Sub x Subsub | 385 385 =<] 
Main x Sub x Subsub 1 58226 58226 2°19 
Error (E,) 12 | 318740 | 26561-7 
| - TOTAL 16 379973 | 
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Jt 
Step 13.—Tests of significance ; 


The appropriate error term for compari beth Sac} 
11.15 38 Error (¢) which AS equal th 6501 | , 5 Sinan ence Table 
apserved are NON-SIQNNICANE, if meana the Subsubtreatment fo pe 
rate) and their interaction with the main and sub (reatment: are edd 
upatistically significant, ¢ fot 





Step 14.—Set up a complete ANOVA table for the data of Table 
11.9. 


TARLE 11.16 i 
ANOVA Table for the data given in Table 11.9 





Between Replications 3 65940 21980 


Nitrogen (Main) 148649 148649 5-5] 
Ecror (a) 3 80877 26959 
70594 70594 2-64 


mo 


Tee ne ee citran Mae eens Sta Sai Je age 
j , > » ° ih : pe oe. Le ” i = 


ae 
ri +e 3 
- \ a) = 
, fiom 4 
Sin be 4. - Loire: 


‘Spacings (Sub) 


Faded 











Nitrogen x Spacing 49849 49849 1-84 


(Main x Sub) 





aS am pe NE tl 11 a 
ay t/Pae Bald 
* 


‘Seed Rate (Subsub) J | 2195 2195 ; <4 
2 ae 
Main » Subsub | l 427 427 < 
| 


es 
— 


Sub x Subsub 1 | 385 | ae = ; 
Main x Sub x Subsub : | 58226 | 38226 ie a 
Error (c) I? | 318740 | iis ~ 
| Torn, | 3). | 96071 | : 


| aa i? see 3 = 
ee rs > Sra 


* For general case see Pp. 312 


> Wen | 
LAs ee 







: : ‘ENE CASE ts i 
ries ee 7REEDOM FOR GENERAL ia 
11.8. Break Down or Decrees oF PRE ig 
es. jegree ie 

ee a » break down of the total deg Wee 

this section \v | present the break e Rati ies eee 


» by 
~ ae 


of freedom ass sd with variou 
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general case of splitsplit plot design involving three factors of 
following kind: the 


Treatment Number of levels 


‘a’ levels (a9, 41, dg, etc.) 


‘b’ levels (bo, 51, dg, etc.) 


Main treatment (A) 


Subtreatment (B) 


Subsubtreatment (C) ‘ce’ levels (Co, C1, Cy, etc.) 


Number of replications (1) (laid as RCBD) 


TABLE 11.17 
ANOVA table for splitsplit plot experiment 


a a a a 
Source : df SS MSS 


—— a ee aw, 





I. Main Plot Analysis 


Replications fies 1) 

Main Treatment (A) (a — 1) 

Error (a) _ (a—1) (r—1) E, 
Main plot total  ar—1 

IT. Sub Plot tnabiets aaa 

Subtreatment (B) -* (6-1) | 

— oe AB (a — 1) (6 — 1) 

Error (5) | a(b—1)(7— 1) E, 

Sub Plot Total ar (b — 1) 


TI, Subsubplot Analysis : 
Subsubtreatment (C) (c — 1) 





Interactions: 
eexe(a—"1) (¢ — I) 
BC Hoe — Lie J) 
ABC | (a—1)(6— 1) (e— 1) 
Error (c) ab (r — 1) (ce a 1) E, 
Subsubplot Total abr (e — 1) 
GRAND TOTAL a aber —— { 
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11.9, 


STANDARD ERRORS 

After performing the analysis of variance and testing for the 
over-all significances of various effects by the use of appro rice Err ; 
terms, the investigator might be interested in making a i 5 allie 
comparisons aMong treatment means. This he would do. of Sitar 
only when carlicr F-tests show significant differences and not otherwise. 
In such situations, the standard crrors to be used in the comparison 
of means depend upon whether or not the treatment effects pertain 
to the main treatments, subtreatments, subsubtreatment or any com- 
pinations of these. The formulaé for the appropriate standard errors 
are given below. Since none of the F-tests of the above numerical 
example turned out to be significant, the application of these formulas 


or the above example is not attempted. Standard Error for comparing 
fwo means :* 


(a) For two levels of factor A, e.g., 


{(ay) — (a)]: | 2s (11-6) 


(b) for two levels of factor B, e.g., 





(hy) — od}: 4 | (1.7) 


(c) For two levels of factor B at a fixed level of factor A, e.g., 


| (agb,) a (agb,)I: cas 





cr (11-8) 
(d) For two levels of factor A at a fixed level of factor B, e.g., 
2{(b—1)E E, 
(aabs) — (aba): yf LO =F (11.9) 
(c) For two levels of factor CCB, 
2E, | 
[(c1) — (Co): os (11.10) 


(f) For two levels of C at a fixed level of factor A, e.g., 
ao 
[(aye1) — (aC) |: Af 3 (11.11) 
(z) For two levels of C at a fixed level of factor B, e.g., 


(byes) — (bueadl: af a (11.12) 





* These SE formulas may be obtained by using appropriate values for m4, Me 
and s? in the general formula 


1 ] 
SE aoe a/ 2 — —_ 
: : ny v No}? 


The weighted SE (formula 11.9) are as explained earlier on p. 301, 
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at fixed levels of factors A and B, e.9 


(i) For two levels of C 
26, 
[CaP oCr) — (AgboCo)]: af = (11. 13) 


a fixed or different level of C, e.g,, 
(2M = NE FE] 
Wi (euee) — (aaead] oF (lanes) — Cane): af == Ee Fa 
: , | (11.14) 





(7) For two levels of A at 


——— 


[(b,C0) — (boCo)] or [(b1¢1) — (DoCo)]: af oie 22 tO 


(j) For two levels of B at a fixed or different level of C, e.g., 


(11.15) 


(k) For two levels of A at fixed levels of B and C, e.g., 


—HDE,+0—-—DE,+ EL 
[(a,b109) — (Apb1€o)]: af th tome ie van ee ar | 


(11.16) 


AF The appropriate choice of the above standard error leads to the 
valid comparison of difference between two means. 


11.10. MISSING VALUE > 


In agricultural experiments, the event of missing an observation 
in any plot due to some reason such as bird attack, low germination, 
etc., is not uncommon. We have already seen the method of estimat- 
ing such a missing value in the case of RCBD design (p. 165). The 
method of estimating a missing value in the case of splitplot design 
depends upon whether the missing value pertains to the main plot or 
to a subplot only, besides the type of design, viz., single splitplot or 


splitsplitplot design, etc. 


In the.case of a simple splitplot design wherein each whole plot 
is divided into several subplots the procedure of estimation is as 


follows: 


Case 1.—In the event that an observation (e.g., yield is missing 
for the whole plot and if RCBD is the design used for Whole Plots lay- 
out, then the appropriate formula for estimating the Whole Plot yield 
is to use formula (6.5) given in Ch. 6 for RCBD situation. After esti- 
mating missing the value, the analysis 1s carried out in the usual manner, 
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Case 2.—In the event of a sub unit observation missin 
pee CB ca ett ¢ g, the method 
- estimation differs slightly. The formula for estimat; 
phe es (Anderson) : S : mula for estimating this value is 
1 Yq a by, ae Vo) 
7 f= D0 G—T) | (11.17) 


y = The estimated value for the missing sub plot value. 





ye = The total for the particular whole plot containing the mis 
sing sub plot. 


y, = The total over-all replications for that particular treatment 


applied to the missing subplot. 


y, = The total over-all replications for the Whole Plot treatment 
containing the missing subplot. 


r = Number of replications. 


b = Number of levels of factor B (subtreatment). 


After estimating the sub plot value, the analysis is carried out in 
the usual manner. The reader may be reminded here that the value 
estimated by the use of the above formula is only to enable one to 


complete the analysis, rather to treat it as an ‘estimate’ of the yield 
for that plot. 


The formulaé for standard errors reported in Sec. 11.9 will 
undergo changes when comparisons between two means involves the 


missing value. The interested reader may refer to the book by 
Cochran and Cox.® 


11.10. Sprir BLocKk DESIGN 


The concept of split plot design may be extended introducing 
some variations in the design. One such modification results in 
a new design called Split Block design and is sometime called 
‘Strip Plot’ design. The reader will recall that, owing to certain 
practical difficulties cited in the beginning of this chapter, the factorial 
combinations of the treatment were considered partly on main plot 
and partly on sub plot basis. In certain agricultural field experiments, 
we may meet with the same difficulties even at subplot level for 
the execution of the experiments. For instance, in an experiment 
involving two factors A and B, say, irrigation (A) and tillage (B) it 


may not be practically feasible to randomize the tillage levles of B. 


as sub plot treatment$; or in split plot experiments with the sub- 
plot treatments involving spraying treatments, it may not be feasible 
in practice to consider the random distribution of sub plot treatments 
within whole plots. To overcome such difficulties in the execution 
of the experiments, some variation in splitplot design 1s introduced. 


In this section we shall merely present a brief description of the 


split block design without giving the details of the mode of analysis, 
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D 
the reader ‘s advised to refer to books ph C 
conard Clerg,’® and Panse Sukhatme op Chran 


for which 
Federer,’ L 


and Cox’, 
The Split Block de 


ch replicate 1s divided 
zontally) to accommod 


Tillage. 


sign may be described, in bricf, as oll 
: OWws - 


into strips in one direct 
On (say f 
Or}. 


1) Ea 
( ate several levels of one fac 
. ACtor, Say 


(2) The same is divided into strips again in the direction at rott 
angles to the first (i.c., vertically) to accommodate ge sa 
fF another factor, say Irrigation. sCverg 


levels O 
If 4 levels of irrigation (/, los Ig iy) and 3 levels of tilling P 
t, are to be included in a strip plot design, the plan layout, after ana 2s 
and independently the second factor bane 


mization of the first factor 
may appear as shown in Table 11.18. 


TABLE 11.18 


Arrangement of plots for a split block design with four levels of irrigation, 
three levels of tillage 


I Levels of Irrigation 


a 





en ef ee 





ee 














_ is | & | te | te 
f ists its Lats | lol 
T Levels of ea a ea 
Tillage ty Isty Lyly Ugly | loly 
te Ugly Iyts Lalo Ioto 











The reader will notice immediately that the plots for I-treatments 
and T-treatments are fairly large compared to the size of the plots 
allotted for their combinations 44, %f:, etc. This means that the main 
effects I and T are assessed with lower precisions than their interaction 
effects. Hence the Split Block design may be used when the main- 
effects are of less importance than their interactions. 

__ The typical analysis of variance table for the split block design 
with r-replications, ‘a’ levels of factor A and ‘b”’ levels of factor B 
is shown in Table 11.19 for the case when factors A and B are laid as 


RCBD. 
11.11. SpLitspLir BLOCK DESIGN 

__ The concept of split block design may further be extended as we 
did for split plot design. For instance, we may divide ¢a® 
level of any one factor, say, A into further strips so that an addi- 
tional factor C may be accommodated, or this type of division may cons 
tinue for both the factors A and B. one 
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TABLE 11.19 
ANOVA table for a split. block design 
source df | gg | sie 
Replication (7 — 1) | | _ 
A (a — |) | | 
Error (@) (r— 1) (a—1) | E. 
B (b — 1) | | 
Error (8) i ~ ie= 1 E, 
AB (a— 1) (6—1) 
Error (c) (a—1) (6—1) (r—1) | E. 





Variations in the basic design employed for main treatments may 
result in different design. For instance, we may allocate A factor level 
in an RCBD design while the level of B may be arranged in the form 
of a Latin Square design over replications. The details about these 
designs may be obtained from the books already cited. 


CHAPTER 12 
LATTICE DEsigng 


of designs we encounter in this chapter are 
somewhat different from the ones we stud ig ye cn rie gs chapters, | 

now we have learnt hate (1) Complete y * oro een (Ch, 5), 
Randomized Complete Block Design (Ch. 6) and La in and Square Design 
(Ch. 7) may be used when the numbel ol treatments O1 varieties is not 
inreasonably large so that the plots in any block are more or less 
homogeneous and, (2) in the case of factorial experiments, if the number 
of treatment combinations 1s larger than As permissible for any of the 
designs mentioned above, a new device, viz., confounding was designed 
wherein certain effects of treatments could be assessed with greater 
precision, as a result of reduction in block size, but only by sacrificing 


some information on certain less important effects. 


In the last mentioned case, it is to be noted that confounding can 
be resorted to only when the experiments are factorial in nature. But 
there are situations in agricultural experiments where the number of 
treatments is very large—indeed as large as 100 or 1,000—and at the 
same time it-may not be factorial in nature so that confounding in 
conventional sense cannot be resorted to. For instance, a plant breeder 
might desire to compare a large number of new strains or varieties of 
a certain crop for their yielding capacities or some other character- 
istics of interest. In such situations a number as large as 1,000 is not 
uncommon. This prohibitive number naturally precludes the use of, 
any of the above designs. A class of new designs called Lattice Designs 


has been devised by Yates®* to meet such situations. 


12.1. The types 


The mathematical theory underlying the constructions and analyses 
of such designs is much involved and will not be presented here. How- 
ever, to make the reader appreciate and recognize some of the general 
problems associated with such designs, a broad outline of the logical 
basis for such designs will be presented in the following section. 
Once the reader grasps the fundamentals of the design, it should not 
be difficult for him to follow the steps involved in the statistical analysis 


of experimental data. 


12.2. GENERAL NATURE OF THE PROBLEMS IN AN EXPERIMENT 
INVOLVING A LARGE NUMBER OF VARIETIES OR ‘TREATMENTS © 


(A) Need for Error Control—As mentioned earlier, when the 
number of varieties is large, a RCBD with a'single block would not 
be feasible since such a big block would not ensure controlling the 
error due to soil heterogeneity. One way of achieving precision in the 
comparison of varieties is to use blocks of smaller size. Each such 
block will then be an incomplete block since it cannot contain all the 
varieties or treatments. Thus in the case of 25 varieties, for instance, 
instead of a single block of 25 plots, we can think of several smaller 
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subblocks, Say five subblocks, | each with 5 plots which are more or 
jess homogeneous. The 25 varieties can now be grouped into 5 sub- 

roups, each subgroup having 5 varieties. The groupings can be done 

arbitrarily and preferably in a random way. Each subgroup may now 
be assigned in a random way to a subblock and to ensure further 
randomization, the five varieties within each subgroup are randomly 
distributed over the plots. This type of procedure which avoids any 
kind of systematic bias of unknown nature 






























































ight ’ 
as shown in Plan 12.1. mught end up with a layout 
PLAN 12.1 
Subblocks 3 
Gy) 4 14541 | 135) 15) 72 
| 
(1) a) 1) Si Oo 4 
(5) | 22) 24 | 21 | 23 | 25 
(2) 7 6 0 | >| 8 
(4) | 20 | 16 9) 18 | 17 














* Each number represents a variety or treatment. 


Let us examine the consequence of this mode of distribution of 
varieties over several subblocks on treatment or varietal comparisons, 
As a consequence we notice: (a) all the subblocks put together con- 
stitute one complete replication and, (b) the observed yield in any plot 
is now dependent on several factors, viz., (1) the type of variety sown in 
that plot, (2) the effect of subblock in which itis tried since one sub- 
block may be more fertile (or less fertile) than the other, and (3) the 
effects of uncontrolled extraneous factors, i.e., experimental error 
operating within blocks. 


Further, under the assumption of simple additivity of these effects 
On the yield observation in any plot, we notice that: 


(1) the difference between any two varietal yields, say variety 11 
and variety 15, occurring in the same subblock 3, now con- 
tains only the genuine varietal difference plus a component 
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‘actors operating within a block ang 

effect since this component er 
are in the same subblock ts 
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to cxtrancous { 
t of subblock 
as both the plots 


Q) the varietal difference between the yiclds of two varieties tha 
~ are not in the same block will contain, in addition to the 
above two components, a third component duc to the fert;. 
lity. difference between the two subblocks. For instance 
the difference in the observed yields of varicty I and variety 
6. occurring in different subblocks 1 and 2, not only con- 
tains a cenuine varictal difference of varieties J and 6 plus 
experimental error component, but also contains the effect 
due to difference in the fertility levels of the subblocks | and 
2 In other words the consequence of this experimenta] 


type is that certain varieties occurring in the same block are 
comparable with greater precision than those occurring in 


different blocks. 


ing—The above imbalance in the precision 
e offset to a large extent if it 


d uc 
componen 
cancelled out 


(B) Need for Balanc 
of varietal comparisons can, of course, b 
‘s ensured that each variety occurs with every other variety once (or 


the same number of times) in the same subblock. To achieve this in 
the case of 25 varieties, we need six replications of the experiment using 
different groupings of varieties to go together in a subblock. The 
six replications inclusive of the first one are presented in Table 12.2 
showing the groupings of the varieties that should go into each sub- 
block in each replication. The reader can satisfy himself that every 
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5 x 5 balanced lattice plan 
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(24) s|22] | «|20| as las] 12) s|25| 
(See, aes oe es ee 
lpeeleanty | | 
as) | 16 7 |23| 1 > | a0) | 21 7 }13) 9 5 | 





_* The numbers such as (1), (2), etc., in brackets represent the subblock numbers, 
While those without brackets within a subblock represent variety or treatment numbers 
When arranged systematically before randomization. 


variety occurs with every other variety once and only once in the same 
block. For instance, variety 1 occurs with. varieties 2, 3, 4 and 5 in 
Subblock 1 of Replication I; with varieties 6, 11, 16 and 21 in sub block 
6 of Replication II: with 7, 13, 19 and 25 in subblock I] of Replication 
Ul: with 12, 23, 9 and 20 in subblock 16 of Replication IV; with 17, 


» 24 and 15 in subblock 21 in Replication Vand lastly with 22, 18, 
21 | 


od 


this chapter we sh 
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14 and 10 in Replication VI. This will be true ol every other varict 
blocks will be made clear later, The design jn his 
Is 


The formation Ol 
form is said to be balanced. 


The number of replications necded for complete balancing depends 
on the number of varictics, the number ol variclics per block (i.¢,, block 
size) and the number of subblocks. Table 12:1 shows the number 
of replications needed for complete balancing when the number of 
varieties is a perfect square and the size ol the block 1s the square root 
of this number, In this case the number of subblocks (.2., Incomplete 
blocks) is also equal to the size of the subblock. The more genera| 
case. of course, is the one where the number of subblocks and the 
size of each subblock need not be the same. For instance, in the case 
of 64 varieties, we can think of 16 subblocks cach of size 4 plots. In 
the former case, Where the number of subblocks is the square root of 
the number of varieties, the design is called Lattice design while in 

t is known. as Incomplete Block Design. In 


the more general case 1 : Tn | 
all deal with the Lattice Designs only 


Table 12.1 shows the relationship between. the number of varieties, 
the number and size of each subblock, the number of replications 
needed for complete balancing* and the total number of plots. 


TABLE 12.1 
The relationship between the number of varieties, the size, and the number 
of subblocks, the number of replications needed for complete 
balancing and the total number of pilots 














Number of varieties k? 9|/16] 25} 49] 64 | 81] 121 
Size of block k “l-3] a] sf F 8 8 Th 
Number of place = is y gs 3 8] 9 11 
Number of replications for a ils Waianae Pies Tana Da i 
balancing r = (k + 1) 4! 5] 6! g| 9! 10{ 12 
Total number of plots for the Be loodlai tid Sar dea & 
whole experiment k?2-r 36 | 80 | 150 | 392 | 576 | 810 | 1452 


From Table 12:1 it is clear that the total number of plots 
required for complete balancing soon increases as the number of 
treatments increases. Sometimes due to restriction of availability of 
land it may not be possible to have complete balancing for large size 


experiments. In such cases fewer number of replications than are 


* Balanced designs (lattice) cannot be constructed f 
; or 
‘s available for 100 treatments. 36 treatments and none 
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necessary for ge balancing are used. The different choices of 
‘ncomple : eae Mm certain import; al! 
perint designs. For instance, the use of only the fest tots eae. 
tions in Table 12,2 leads to one type of partially balanced lattice 
design called Simple (Double) Lattice design, while the use of the 
frst three squares lead to another type of partially balanced lattice 
design called Triple Lattice design; the use of the first four squares 
resulting in four replications leads to yet another type of lattice design 
called Quadruple Lattice design. The 


Statistical analyses of th 
designs are presented in subsequent sections. , = 
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(C) Need for Adjustments to Treatment or Varietal Means.—A 
third important aspect associated with trials involving a large number 
of treatments or varieties is that the arithmetic means of plot yields 
for different varieties do not generally stand for the proper values of the 
varietal means. For instance, in the case of 25 varieties with six replica- 
tions (Table 12.2), the average of the six plot yields for variety 1, one 
from each replication, will not be the proper mean value for the 
average yielding capacity of this variety, because, if per chance, all the 
six blocks 1, 6, 11, 16, 21 and 26 in which variety | is tried, happen 
to be comparatively highly fertile blocks, then the mean value for this 
variety will clearly overestimate the merit of this variety; or at the 
other end, if all these blocks were to be comparatively poor in fertility, 
the mean yield based on these six observations will clearly «wder- 
estimate the merit of this variety. In other words, in such experi- 
ments involving many subblocks for each replication, it is important to 
note that the observed varietal means do not represent the proper mean 
values and therefore need adjustments for block effects, especially so, 
when block variations are substantial. If, on the otherhand, the 
block variations are found to be negligible or anyway not more than 
the chance variations, the treatment means may not need any adjust- 
ments due to block variations. The unadjusted simple means themselves 
will serve as good estimates of true varietal means. 


Yates8* has developed methods for effecting adjustments to 
treatment or varietal means when the block variations are substantial. 


(D) Intra-Block and Inter-Block Information about Treatment 
Effects —It is noted above that the treatment effects are affected by two 
kinds of variations, viz., variations due to random sources operating 
within blocks called intra-block variations and also variations mostly 
due to differences in the fertility levels among subblocks within each 
replication called inter-block variations. As a result of these variations 
the comparison of any two varieties, say varieties | and 2, occurring in 
the same subblock 2, in Replication I, is subject to only intra-block 
variations and is freed of inter-block variations. But the other replica- 
tions also contain information about these two varieties, though such 
an information is now confounded with block: effects since the two 
Varieties occur in different blocks: that is. the difference between the 
subblock totals of subblocks 6 and 7 in Replication II for instance, 
contains information about these two treatments but the same is con- 
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and is therefore not available explic; 

s method of recovering this infoet 

hich the two varieties occur in lifer 
‘ery of inter-block information. 


i +k effects 
ided with the block 
yates" developed an ingencou 


h replications 1. W 
3 ym such replication. 
tion fr lure is called reco) 


eee i} “OCCEC 
mets sd see development of this method, the value and attractive. 
ane of lattice desings have greatly pervs | digo ee the metho 
depends on_ certam assumptions be cede sar : ve stiles tat For this 
purpose, it is assumed that the block effects are normally distributeg 
an zero and variance 4%". 


about a me 
advisable not to recover inter-block information 
f degrees of freedom available for the estimate of 
t less than 12 or 14°. The estimates 
eedom are subject to generally large errors 
f freedom. available are more than 12 
an be recovered as. an additional] 


In general it 1s 
unless the number otf ¢ 
inter-block variations 1S 10 
based on smaller degrees of fr 
‘1 estimation. If the degrees 0 
or 14, the inter-block information C 


piece of information. 


Once the two sources of information—intra and inter-block—are 
recovered about the treatments, they are combined into a weighted 
average to obtain a composite estimate about the treatments. Since 
‘he mathematical theory underlying such a procedure is complex, the 
application of the method will be illustrated through numerical 


examples later in this chapter. 


By now the reader will have recognized certain special problems 
that are generally associated with experiments involving a large number 
of treatments or varieties. In summary they are: 


(i) the precision in treatment comparisons will greatly be increased 
by having smaller block size. 


(2) Treatments that appear together in the same block are com- 
pared with greater precision than those that do not appear in the same 


block. 


(3) Complete balancing may be achieved by increasing the number 
of replications to ensure that every treatment appears with every other 
treatment in the same block. 


_ @) Partial balancing will be achieved when the number of replica- 
tions is fewer than the number of replications required for complete 


balancing. 


- (5) ee aty treatment means generally are not good estimates of true 
alues of the treatment means. The treatment means need adjust- 
ments for block effects, when block effects are substantial: otherwise 
ordinary mean values would sevre as good, estimates. | 


(6) The experimental observations i 1“ 

ntal Ov: 1s contain two kinds of informa- 

Sat fe or emont comparisons. One is the intra-block information 

if the nu a apr tae arpa Tabi The latter can be recovered 

variatio mber of degrees of freedom available for estimating block 
Ns 1s about 12 or 14, S . 
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(7) The two estimates, intra-block and inter-block, about the treat- 


jent effects may be combined in a particular way to get ac 
astimate of the truc cffeccts. y z omposite 


(8) The method of analysis is goncrally more complex, 
12.3. Typrs or LAtrtice Drsians 


Lattice designs are of many types. Of them and of special interest 
to us are Simple or Double lattice, Triple lattice, Quadrupule lattice 
and Lattice Square. The other types of lattices are Rectangular lattice, 
Latinized lattices, lattice cube and other higher dimensional lattices. 
The general nature of the problems involved in all these designs is more 
or less the same as explained in the foregoing paragraphs. In the sub- 
sequent sections the description, method of layout and the mode of 
analysis for some of the useful designs will be discussed. A more 
comprehensive. classifications of such designs is given in Federer.” 


12.4. SrmprLe LATTICE — 


This lattice is sometimes called Double lattice or Square lattice 
and should not be confused with Lattice square which is entirely a 
different design. For this design, the number of treatments or varieties 
should be a perfect square. The design may therefore be constructed 
for number of varieties such as 9, 16, 25, 36, 49, 64, 81, 121, ete. This 
design needs two replications and is only a partially balanced design. 
The construction,layout, etc., are exemplified for the case of 25 varieties. 
The steps are as follows: 


(1) Assign numbers 1 to 25 to treatments at random. This is 


necessary to avoid any kind of bias of unknown origin affecting treat- 
ment effects. | 


(2) Arrange the treatment numbers from 1 to 25 in the form of 
a square as given in Plan 12.3. 


PLAN 12.3 


4 . ——s reed et ES ene 


-WI 1S Its in the 
(3) Group the treatments once TOW wise. This resu 
groupings (1.2, 3. 4, 5), (6, 7, 8, 9, 10), (11, 12, 13, 14, 15), (16, 17, 
18, 19, 20) and (21, 22, 23, 24, 25). | 
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ach subgroup will now constitute a group of treatments 
bl +: venbbloak) and five such subblocks constitute One 
sock : 


e 

” on ‘ ay O 

This special way of row-wisc grouping is generally kpeete 
7 oe 


for 


replication, of 
as X-grouping® 
ain gr the treatments column-wise, This Nae, 

(4) Again group ! is columawise, This. resuiy 
Me age 24) and (5, 10, 15,20, 3) » 22), (3, 8, ES 1g, 23), 


(4, 9, 14, 19, 24) and (5, 10, I5, 20, 25). 


or A-grouping!, 


Each subgroup will now constitute a group of treatments for one 
subblock, hereafter simply called a block, and five such blocks will 
constitute one complete replication. This special way of column-wice 
grouping is generally known as Y-grouping? or B-grouping!3, 


The X and Y groupings ensure that treatments that have occurre d 
together in the same block once do not appear together in the Same 
block again, The above two sets of groupings will appear as in Plan 
12.4 before randomization is done. | 





PLAN 12.4 

Block Rep I (X-grouping) Rep Il (Y-grouping) 
(1) 1} 2 a) 4h RS fey | 6] 1 16 | 21 
Qyl 6) 7\ 8i-s 10 | (7) | 2] 7] 12]; 17] 29 


ee eee eas eet ey eee 3/8 ey ee ~weeee 
_—_ es es 


8} 13; 18 | 23 


—e | rey | es eee S| ey | Se | tee Geen 
—— es | Cs 


(4) | 16} 17} 18} 19} 20] 4 | 9/14} 19 | 2 


OSS | ey | Os ey —ey ees Se ne ey SN ee ey Ses es es | es Sed 


(5) | 21} 22 


——o es | 


23 | 24/25] (10) 5 | 10 15 | 20 | 25 


12.4.1. Treatment Allocation 


For valid analysis of data collected and estimation of experimental 
error component, strict randomization should be adhered to. First 
the treatments are numbered from | to 25 at random to avoid any kind 
of bias in the grouping of treatments as in X and Y groupings. The 
allocations of treatments to subblocks and subblocks themselves in 
each replication are done as follows: 


(1) Within cach replication the treatment subgroups are allocated 
at random to different subblocks, This randomization is to be done 
separately for each replication. | 


(ii) The allocation of treatments within each subblock should also 
be randomized. The randomization Should be done separately for 
each subgroup independently for each replication. 


(Ji) Finally, while laying down the replications in the field, the 


and Y replicati 
loonticair epiications should themselves be randomized over the field 


LATTICE DESIGNS (327 

This eee ir Papier pacer and replication allocations ensures 

elimination of any kin of unknown systematic variations affecting 
the treatment effects. As a resul 


t of complete ra izati 
~ ad, ops | indomization the 
actual lay out of plan might appear as shown below ' 


PLAN 12.4 


After Complete Randomization 
Block Rep I (X-grouping) Rep Ih ( Y-grouping) 
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The blocks within each replication should be laid as contiguous 
blocks. This type of layout will give a better and more precise estimate 
of block variance for extracting interblock information. Further, 
under certain conditions, this will allow the analysis of the whole 
experiment as a Randomized Complete Block Design. 


12.4.2. Repetition of Basic Simple Lattice Designs : 


It was mentioned already that simple lattice design requires a 
minimum of two replications—one with X-grouping and the other with 
Y-grouping of the treatments. If more than two replications are 
desired, then it should be in multiples of two only, as both the groups 
(X and Y) will have to be repeated equal number of times. The pro- 
cedures of treatment allocations and the replication distributions over 
field locations remain the same as above. 


12.4.3. Statistical Analysis 


ign. | d.design and 

lattice design is only a partially balance | 
the AaGetioal analysis of data is different from the method of analysis 
for Randomized Complete Block Design. The analysis has three 
aspects : 


ioni jabili Coy 1 sum of 
ortioning the total. variability (ie. the tota ) 
sqlite ‘S80,) due ae different sources of variations to their 
respective components ; also to set up finally the ANOVA table 
detailing these variability components. 


(b) Adjustment to the varietal means so as to nee a — 
of block effects. This is necessary since, as we have 9g = + 
earlier, the ordinary varietal means do not generally repr 


the varietal means, especially when the block effects are sub- 
stantial. 
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(c) Choosing appropriate Losts of significance jn compar: 

oe yt varictal means depend'ng on whether the two varie 

ae same block or In different blocks, ‘Titles 


appear in the 


Since the mathematical theory underlying sys Aspects Is, beyond th 
scope of this book, numerical stops ee mee i Md however 
be delineated through an iMustration. — ‘ ef avin of analysis will 
alter slightly depending Upon whethe | 1c pane C osign of simple lattice 
type is repeated once OF more than once, illustration will be given 
. ’ 


one for each type. 


of Analysis When the Basic Design of Simple 


12.4.4. Procedure 
: Lattice is Repeated’ Once 


Various steps involved in the analysis of data when the basjc 
design of simple lattice is repeated only once are indicated stepwise 
long with she checks on the computations wherever they are found 

awn for this illustration is from an ex- 


important. The material dr | | : 
periment conducted at Raichur 10 1962-63. involving 81 varieties of 
to compare for their yield capacities. The net plot size 


castor crop | 
used was 21’ x 9’ and the yields were in kg. per plot. 


2 below shows the actual plan layout showing the posi- 


Table 12. a’. 
f varieties within each block 


-tions of the blocks and the allocation o 
under randomized condition. 


ocks within each group (X and Y groups) 


Step 1.—Arrange the bl 
block systematically along with the obser- 


and the varieties within each 
nations as in Table 12.3. 


__ Step 2.—Set up a table of treatment totals by summing up the 
yields for each variety from both the replications. This is shown in 
Table 12.4. These totals are unadjusted for any block effects. 

Example: For variety 1: 
2:95 = 1:00 + 1:95 (RepI + Rep ID. 


(Note: For this table make ision f 
; provision for one column and one row blank) 
for making entries of the valucs computed in Step 9.) ' 


Step 3.—(a) Compute the block tot , . , 

, , als B,, Bo... Big for all the 
Ree "ig Rpt og the observations occurring in each block. The 
12.3. als in each replication are reported in the last column of Table 


Example: The block total B, for the first block is given by: 
B, = 1-00 + 1-50 + 2:90 + 0°90 4- 1-60 + 1°90 + 3°03 
+ 2°40 + 4-00 = 19-23, 
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| ~  (b) Compute the re 
| the block totals within ¢ 


| For Replication I: 
G, = B, + By -- Bs; -+ B, -- Bs -+ Be + B, +- Bg ++ B, 


| 19:23 +... # 15:13 = 150-11. 


ces 


For Replication IT: 
Go aes Bio ae Bu — Bie + Bis +r B,, - Bi; -- Bie ~t. Bi, + Bis 


_ 15-86 +... + 15-53 = 160-51. 


(c) Compute the Grand Total 
T =G, + Ge = 150-11 + 160-51 = 310;62. 


Step 4.—Obtain the Total Sum of Squares (SSQ,), Replication Sum 
of Squares (SSQ,) and unadjusted Treatment Sum of Squares 


[SSQ, (unadj)] in the usual manner. For this: 


(a) Compute the Correction Factor (CF): 


CR (Grand Total)? -_ 
\" ™ Total number of observations 2k? 


(310-62)? ane. 
= “Zen 7 595°59. 


where k2 —= number of varieties or treatments. 


(5) For the Total Sum of Squares (SSQ,.): Find sum of the square 
of all the 162 observations in the experiment and subtract CF. 


SSO. = [(1-00)2 + ... + (1-50)2] 
+ [(1-95)2 +... 4-(0:99)2] — CF 
= 694-68 —- 595-59 = 99-09, 


(c) Replication Sum of Squares (SSQ,): 


G2 + G," 


(150-11)? +!(160-51)? 
= a es ae BOSS @ 


= 596°25 — 595-59 — 0°66. 
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(d) Unadjusted Treatment Sum of Squares SSQ, (unmad)) Find 
the sum Oo} squares of all the treatment totals in Table 12.4. divide by 2 
and subtract Cr. 
' (2 OS)? ’ 3: ? , ; 
SSQ, (ymadj) : Sane ) st 4) 95:59 


657-59 595.59 62-00 


(The divisor for cach is 2 


} since each total is obtained as a sum 
af two observations). 


Sieps 1 through 4 give us the Total Sum of Squares (total varia- 
bility). the variability between Replications and variability due to 
ynadjusted treatments, — Before setting up the ANOVA table, we need 
+o compute the variability duc to block variations as well as the varia- 
wility due to experimental error as a result of unknown and uncon- 
erolled factors. Unlike in the Randomized Complete Block Design, 
she block sum of squares in this case needs adjustment for treatment 
effects, since the block totals contain the treatment effects also. Once 
this adjusted block sums of squares is determined, the error sum 0}! 
squares is obtained as usual by subtraction. 


The Block Sum of Squares freed of varietal effects may be com- 
puted as follows: 


Consider,. for instance, the block total B, = 19-23 which 
contains not only that particular block effect but also the contribu- 
tion of the 9 treatments (varieties 1 to 9) that go into that block. If, 
now. we can eliminate the contributions of these varieties from B, 
total, we can compute the block effect freed of varietal effect. For 
this, consider now the column total in Rep. II (Y group) for the same 
set of varieties. This total contains the varietal effect freed of block 
effect, since one variety comes from each of the 9 blocks and all blocks 
being represented.* If we subtract this column total from the block 
total B,, we get block effect freed of varietal effects. Such corrected 
block totals are used to compute Block Sum of Squares due to block 
variations freed of varietal effects. This particular component of block 
sum of squares is called Component (d)f. 


Procedure for the computation of Block Sum of Squares (adjusted) 
IS given in Step 5, 


Step 5—Computation of Block Sum of Squares adjusted for Treat- 


ment effects (SSQ, adj). 


SESE 


* The reader is adviced to see Table 3,7 on page 104 to understand how the 


Varietal effects (or seasons effects) when summed over all varieties (or seasons) will 
Cancel out 


+ There is another component called component (a) when the same design is 
repeated more than once (Page 386). 


Vas) 
+ gee, 

hoe 
$ on 
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(a) Compute for cach block in Rep I (X%-group) an adjusted block 
total C by subtracting each block total in Rep I, from. the cOrrespond. 
ing col. total in Rep IT (Y group) containing the same set of Varieties 
as in blocks of Rep I. This is shown in Table 12.5. 
TABLE 12.5 


Computation of ‘C’ yalues for Blocks in Rep] 











Block Rep II Rep I C values — 
(Col. total) (Block total) | (By subtraction) 

(1) 17-25 19-23 "1 -98:(C,) 
(2) 23-11 18-03 + 5-08 (C,) 
(3) 15-74 13-76 +. 1-98 (C,) 
(4) 16°41 17-30 — 0:89 (C,) 
(5) 19-06 16+59 + 2°47 (C;) 
(6) 21-44 15-28 +. 6-16 (C.) 
(7) 16-38 13-39 4+. 2-99 (C,) 
(8) 15°65 21-40 — 5-75 (C;) 
(9) 15-47 15-13 + 0:34 (C,) 

Toran | 160-51 |. 150-11 |. 410-40. 


(pea: PE sree cee mero nn LEEDS oe Rs Ace ip een PRES Gee 
Check.—The totals 160-51 and 150-11 should agree with replica- 
tion totals and their difference to -+10-40. 


(b) Similarly compute for each block total in Rep II, an adjusted 
block total by subtracting each block total in Rep II, from the corres- 
ponding col. total in Rep I containing the same set of varieties as in 
blocks of Rep II. This is shown in Table 12.6. 


(c) Obtain the totals of C-values* for each Replication: 
For Rep I This total R, = 10-40 
For Rep II _ This total Rz = — 10-40. 3 
Check.—The two totals R, and R, should add to zero except. 


for rounding of error. This check R, + R,=0 ensures the arith- 
metical accuracy of the calculations in the previous steps. 
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TABLE 12.6 
Computation of *C’ values for blocks in Rep iT. 
ee Raye on i 
Block | ek an (block totale (by eas | 
(10) 13-20 | | 15-86 = 2-66 
(ys 15-01 1620 } — 1-19 
(12) 15-48 10:95 + 4-53 
(13) 14-80 28:02, we ee): 
(14) 15-30 | «19-06 | 3.16 | 
(15) 20-12 17-71 A Daa 
(16) 18-68 - 19-62 — 0-94 — 
1) “1. 16-43. 17-56 — 1-13 
(8) | 21-09 15-53 +556 | 
rom. [ase | ees) io 





a * (Use the same kind of ees as in (4)). 


(d) The Block Soin - of sia ici adjusted is 


then given by 
SSQ, (adj). 


zc SR 


SSQwkaal)" = 7 = 1) Bre =D) 


(r = number of replications, -k =number of treatments per block) — 


C* -|- e : -|- iar R,? =“ R,° 


~ OAMD ~~ BHA 
_ (1:98)? +... +. 656)" 
_ ikea : 
(10-40)? + (— 10-40)? 
oO GS 
= 20-97 — 1:34 = 19-63. 
te ees 


Squares is different in Incomplete Block Designs. 
22 


Unlike in 1 complete block designs like RCBD, the divisor for the sum of 


DESIGN AND ANALYSIS OF FIELD EXPERIMENTS 


338 
_Finally the Error Sum of Squares (SSQ,) is obtained , 
y 


Step 6. 
subtraction. | 
550, = SSQx —'SSQ, (unad}) — SSQx (adi) — SSQ, 
3 — 0:66 = 16°80. 


_. 99:09 — 62:00 — 19-6 
ares computed here is due to ma 
uncontrolled extraneous factors and is generally known as emer? 
mental Error. This is, in fact, Intra-Block error variations as con 

nter-Block variations due to fertility differences among 


trasted with the I. vari 
the blocks within each replication. 


__After obtaining the various Sums of Squares, the ANOVA 
follows (Table 12-7). : 


Note.—The Error Sum of Squ 


Step 7. 
table is set up as 


TABLE 12.7 
ANOVA table (Schematic) 


Source | df SS | MSS 
Replications p= ae ~ §sQ, a 
Treatments (unadj) k? — 1 . adj 
|. (varieties) see ane 
Blocks within Replica- r (k —] ) SS adj 

tion (adjusted .for SSQ, (adj) aa ch 
treatments) = (E ‘ 
= = ee 
Intra-Block Error (k—1) (rk—k—1) SSQ,. ae...) 
— (k=+1) (rk—k—1) 
a eee = (E,) 
TOTAL rk?—] | S8Q, ia aca Se EG 





ANOVA Table for data of Table 12.2 (numerical) 


ee Source | 7 : df | SS | MSS 
Replications eee pe te TS Or68 - iets 
. 66 
Varieties (unad}) 80 62 
= Tsien 
Blocks within Replications (adj) ‘| 16 19-63 [+23 
| Intra-Block Error | : 64 
16-80 0-26 


2S 


_— 
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Test of Significance.—-In the above ANOVA table we notice four 
sources of VATIONS: The source duc lo replications js the amount 
of variation produced in the observations as a result of variations in the 
fertility of the land on. which the two replications are laid down, The 
adjusted block sum Ol squares gives rise to an cstimate of variations 
spoduced 10 the observations as a result of the differences in the fertility 
ievels of blocks within cach replication, This estimates the inter-block 
variance. The Intra-block variations are the results of many uncon- 
trolled factors. 


The varietal differences bringing variations in the yield observa- 
ons, as presented in the ANOVA table, are not adjusted for block 
affects. As pointed out earlier on page 323, the treatment means are 
not free from block effects. As a result of this, the ANOVA does not 
provide a valid F-test for testing the treatment differences for adjusted 
treatment means. Before applying F-test, the treatment means are 
to be adjusted for block effects and the adjusted sum of squares for treat- 
‘ments will have to be determined. The procedure for this is given in 
Step 9. 


Though this procedure may be adopted when necessary, it is not 
always necessary to go through further computations unless it is indi- 
cated. For instance, in field trials, when a large number of varieties is 
included, a significant difference among varietal means may generally 
be expected. As a less sensitive test for varietal difference, the results 
can be analysed as if the whole experiment was a Randomised Complete 
Block Design. In RCBD analysis, we know there are only three sources 
of variations, viz.,-Replications, Treatments and Experimental Error. 


Step 8.—Preliminary RCBD _ Analysis—The experimental error 
sums of squares for RCBD analysis is obtained by pooling the two error 
sum of squares—Intra and Inter block sums of squares, i.e., SSQ, 
= SSQ, + SSQ, (adj). ; 


TABLE 12.8 
ANOVA Table for RCBD analysis 





Source df SS - MSS F-ratio 
Repliations | 6 | veo | 
Treatments * 80 62:00 | 0:775 | 1 703 
Experimental Error 80 36:43 0:°455 
TOTAL : : a a 99-09 © i iis 





oes oe oe 
—— -— - ~~ 8 te eer —_—— — nna 


he Treatment Sum of S vares does not need any adjustment for subblock 
oe Within each replication, ince for RCBD design the whole replication 1s. con- 
‘ted as a single complete block. 


¥ 
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The observed -value of | 703 is groates ere the table Val 
F = 1-69 (1%) for (80, 80)F de ane er cance. | Sin tal meg 
differ significantly even at I'Y level oO Sigil leance, INCE this Brae 
vary RCBD analysis has ended up with a significant value igs 
recog A yo need to employ a more appropriate I-test for treatment « 
of squares (adjusted for block ging cape such & Procedure woul 
usually mcreasc the significance “ee eh A ae irs it, However 
the procedure for cllecting such nly ene wages to ; 1€ ircatment Sum of 
squares for obtaming a more appropriate fiscal ue (esting treatmeny 
differences is given in Svep | | to facilitate the application of the method 


if a need arises. 
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ule of 


12.4.5, Adjustments for Treatment Totals and Means 
Adjustments for treatment means are necessary, since the Ordinary 
t unbiased estimates of true values of treatment 


treatment means are Not U ! 
means. The procedure tor effecting such adjustments to eliminate 


block effects is as follows: 
Step 9. (a).—Compute the correction term. for each block by multi- 
plying each C-value by the quantity » given by 


_-E,—E, _ 1:23 — 0°20 _* 9, 987 
PK(r—HE, (©) (1) (1-23) 


For Rep 1. These values are: 


uC, = —0-17, pC, = +0-44, pC, = +0-17, 
uy = — 0-08, pC, =: +022, wCy =, -+-0-54, 
uC, = +0:26, pCg= — 0-50, uC, = + 0-03. 
For Rep Il. These ‘values are: | 
— pCy = — 0-23, pC = —0-10, pC, = + 0-40, 
uCyy = — 1°15, pCy = — 0°33 pC, = + 0-21, 
vCyg= —0:08 pwC,,=—0:10 pCi, = + 0-49. 


«= 2Check.—-The total of all xC’s should add to zero except for round- 
ing of error. | 


That is, 
eC, + eC, +..-. +pCig = 0 
gitar O'17+0°44+.,., er 0:49 =:0-02. 
(6) Make entries of the »C values for Rep IT along the last col. of 


Table 12.4 and the uC values for Re 
pe od ! p Il along the last row of the 
same Table 12.4. This way of writing the correction values to be 





a 


1 This value is not shown in Table C (Appendix). 


lt a 
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nadyjusted totals for tre: a 

ted fo the U ro reatments will save ; . 

oon in carrying out arithmetical calculations. oa a. oe 


Each treatment total in Table 12+4 is now adjusted for block effects 
by applying the block corrections appropriate to the blocks in which 
‘hat treatment appears. 


Example.—The variety | appears in Block | of Rep | and Block 
10 of “J I. gers go ata nse and pCyy to the treatment total for 
aret , Le, the adjuste reatment total. for vari ne) > 
vai7 — 0-23 = 2°55, oe aw, 


Note.—Since the block corrections are already entered along the 
row and the column in Table 12:4, the adjusted treatment totals are 


merely obtained by using the respective column and row values for 
aC in which that treatment appears. 


(c) Finally construct a table showing the adjusted treatment totals. 


(Check.—The grand total in this table should agree with the 
grand total in Table 12:4). 


(d) Obtain the adjusted treatment means by dividing each value 
by 2 since each total contains two observations from 


two replications 
(Table 12.10). © ae: | , , | 


12.4.6. Standard Errors for Difference Between Two Means 


We have already mentioned (page 320) that in a partially balanced 


lattice design, treatments (varieties) that occur in the same block-are 
compared with greater precision (that is smaller SE) than the treatments 
that occur in different blocks for which SE of the difference between 
two means is slightly larger. One should be careful to choose an appro- 


priate Standard Error term, depending upon whether the two varieties 
appear in the same block or in different blocks. 


Step 10.—(a) Standard Error for Comparing treatment means that 
occur together in the same block (SE,).—The Standard Error formula 


for comparing any two treatment means (varietal means) that occur 
together in the same block is given by 


SE, = a/ =i +(r—Dp) - 





where 


SE, = Standard Error for the difference of two treatment means 


that occur in the same block. 


E, =Tntra:Block Error Mean Sum of Squares. 
i 


# = weightage factor computed in Sfep 9 (a). 


number of replications, which is equal to 2 in this example. 


—— 
= i wen rea 
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For our example of Si Vv 


6. af 2 0°26 (1 4. 0-087) = 0°535, 


This value may be used for comparing any (wo means that AD pear 


in the same block. 


: . ing Treatment. Means that oceyp j, 
.d Error for Comparing Trea Mat OCCUF in 
(6) Standare, Ihe SE is slightly more than the SE, since the 


‘aorent blocks (SEy). IE mo. _the SE, sin 
wes are affected by an additional factor, viz., block variations. The 
formula for this is: 


SE. = af a [1 + rp] 


SE, = Standard Error for varieties that do not occur in the 
same block. | 
E,, r and uw are same as in (a) above. 


where 


For our example: - a 
SE, = ,/7* "78 (1 +2 x 0-087) = 0:558. 


- This value may be used in t-test for comparing any two treatment 
means that do not occur in the same block. : 
(c) Average Standard Error.—Sometimes, when the experiment 

is large, a single Standard Error may be used in place of two different 
SE’s, one for intra-block treatments~ and another for inter-block 
treatments. The single average Standard Error which is approximate 
for f-test for comparing-any two treatment means is given by the 


formula 


SE,, = Average SE of the differerice between any two treat- 
ment means. a 
k = number of varieties in each sub-block 


F., r, ~ are same as in previous formulae. 


W here 


for our -example: 


SE. = y/ a aee | | 2X Tx 00877 
a csr, oe E | = 0-582. 


_ The use of the average Stand 
| ard Error value for t-tests for 
testing difference between any pair of means might peal gh Py 
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| The marginally 3 arm differences between pairs of means 
A eee t occur in the same block m; ; : 
- greatments tha . may go undetected since 

of oe slightly larger than SE,, . cies 
2) Some pairs of means of treatments that occur in different 
ocks might be concluded as significantly different since SE, will be 
lightly smaller than SC. vs 2 


However for many practical situations when the main purpose 
of the experiment 1S to see varietal differences for further selection for 
their yield characteristics, the standard error SE,, should serve the pur- 
pose well. 

Step {1.—Computation of Treatment Sum of Squares Adjusted for 
Block Effects (SSQ, adj)*.—(a@) Obtain the unadjusted Block Sum of 


Squares within replications (SSQ, unadj). 


wil 


Since we have already calculated the block sums B,, Bo; s+ Pm 
in Step 3(a), this is easily computed as follows: : 


For Rep | 
SSQ, (unadj) = Ee 8 _ 
[where, k = 9, number of varieties in each block] | 
(19-23)? + ... + (15.13)? | (150-11)? 
on OS 


- For Rep I 
ye By? + Bu* + oe + Big? G2" 
SO. (ned) = 1s 
(15-86)? +... + (15-53)? _ (60°51)? 
7 | 9 sl 


Finally the unadjusted SSQ;,: 
SSQ, = 6:08 + 18°64 = 24-72. 


(b) Compute the following correction quantity Q to be subtracted 
from the unadjusted Treatment Sum of Squares: : . 


2 r , eee ‘ 
Q= kr — Def [ ay cre ED | SSO Cones) — $8Q (adj) 





= (9) (2 — 1) (0-087) E —Nhfil+@) 0-0 | 
ue x (24-72) — 19-63} 


— 6-34 (r = number of replications) 


* This step is unnecessary when the preliminary R 


ae CBD analysis in Step 8 shows 
@ Significant F-value. - . 
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: ‘is quantity | 
e) Finally subtract this g to obtain the adjusted Sum of Sqn 
Cs 


adj 
: um of Squares SOO (adi), adjusted for block effects, 
Or a ) | 
SSQ, (adj) = SSQ, (unadj) — Q. 

_— 62:00 — 6°34 = 55:66. 


346 > 
Q from the unadjusted Tre 


set up the following ANOVA table for testing the 
f adjusted treatment means. 


TABLE 12.11 (a) 


Step 12. 
significance 0 








(Schematic) 
Source : df SS MSS 
~ Treatments (adj) k?— 1 SSQ (adf) SSQ (adj) 
k2— 1] 
Intra-Block Error (k — 1) x SSQ, 
(rk —k —1) SSQ, re oe 
(k—1) (rk—k—1) 


DI a ee 
. TABLE 12.11 (b) ) 


(Numerical) 





df SS |. MSS F-ratio 


Source | 
y | 80 | 55-66 | 0-696 | 2-65 


ee eed eee 





Treatments (adj) 


Intra-Block Error 64 16:80 | 0-263 | 


The F-value computed for the present example has turned out 
to be highly significant, beyond 1% level of significance, indicating that 


the treatment means (adj) are significantly different. 


The reader should note that the sensitivity of F-test has been 
increased considerably after eliminating the block effects. Since the 
block effects, as judged from the E, value which is greater than the 
intra-block error E, is substantial, the additional computation for 
testing the significance of adjusted treatment means 1s profitable. 


12.5. TRIPLE LATTICE 


A Triple Lattice is a partially balanced lattice design with three 
replications constructed in a particular way. The first two replications 
are exactly the same as in Simple Lattice where two replications. aT 
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ed, one by row-wise grouping and another 
forme ¢ the treatments. A third replication jis 
ine ements in such a way that no two treatment 
tree ther X-grouping or Y-grouping occur tog 
in € ing The third grouping, 
Bro ptained from grouping the 
I 
Rep I. 


The construction, lay-out and allotment of treat 
lattice design are as follows, given for the case of 


by column-wise group- 
added by grouping the 
s that occurred together 
Oct ether again in the third 
which is generally called Z-grouping 
treatments from diagonal elements of 


ments for a triple 
25. varieties. 


(1) Assign numbers | to 25 to treatments at random. This will 


avoid any kind of bias of unknown origin affecting the 
treatment effects. 


(2) Arrange the treatment numbers from 1 to 25 in the form of 
a square as given in Plan 12.5.1. 








Plan 12.5.1 
ed 9:1 33 | A:, |.-°°5 
ei 4 g 9 | 10 


ee See ee | ee ey eee 


1] 12 13 14 15 


ees) CO? ey | ee ey Cee 


is | 30 - 


24} 25 


1 er ee 


23 


eee es eee 
es) TD FS — ee 











ae ee 


(3) Group the treatments into X-grouping and Y-grouping as in 
Simple Lattice by taking row-wise and column-wise group- 
ings. The groupings are: : 


X-grouping: (1, 2, 3, 4, 5), (6, 7, 64 9, LOT (11, 12, 13, 14, 15), 
(16, 17, 18, 19, 20), (21, 22, 23, 24, 25). 


Y-grouping: (1, 6,11, 16,21), (2, 7, 12, 17,22), (3, 8, 13, 18, 23), 
(4, 9, 14, 19, 24), | (5, 10, 15, 20, 25). 


Each set of groupings will constitute a set of sub-block 
treatments within each of X- and Y-Replications. 


(4) A third grouping of treatments is obtained by taking treat- 
ments along downward diagonals starting from the left side 
top treatment, viz., 1. The grouping will result in the 
following groups of treatments: 


(1, 7, 13, 19, 25), (6, 12, 18, 24, 5), (11, 17, 23, 4, 10), 
(16, 22, 3, 9, 15), (21, 2, 8, 14, 20) 


This grouping i 7 Ily designated 7-srouping. Each sub-group 
! g is generally designated as Z-grouping 
IN this constitaieaen group of treatments for one block and five such 
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blocks constitute one complete replication which is cesignated as 
Rep II in Triple Lattice. 


The reader may notice that the (reatments have been grouped jr 
such a way that: . 
One treatment has been drawn. from cach block fro 
X-grouping and one treatment has been drawn also from 
Y-grouping. This makes that the groupings in each replication 
are orthogonal to each other. | ) 4 
This type of grouping ensures that the two treatments that have occurred 
together in one replication fail to occur together in the same block in 


any of the other replications. 

The X-, Y- and Z-groupings, constituting the three replications 
for a triple lattice experiment, are shown in plan 12.5.2 as they appear 
before randomization. 


PLAN 12.5.2 
Block Rep I (X-group) Block Rep IL (Y-group) 
ay i-1) 21-31 4| 5] 6) I 11 | 16 | 21 
6] 7/ 8| 9/10}. @ | 2} 7] 12] 17] 22 





(2) 


(3) | 111 42) 13 | 14) 15' — (8) 


‘ 
7—— eee | ee ee ES ee ee ae 


(4) | 16] 17 18 | 19 20); (9) | 4] 9] 14] 19; 24 


5 | 10] 15 20) 25 


—— | ———ee eee 


(5) | 21-| 22 | 23 | 24/25] (10) 
[eee Saga oo, on ae | 


Block Rep Il (Z-group) 


(——— cme Ce ee es eee 





(11) 
a2) | at 2] 8 }o44 | 
a3) | 16 | 22/ 3 | 9 | 45 


‘ 
i ey ce 
| ' 


(44) | 11 | 17.4633 


= Eee) 
; 
} 


as) | 6 | 12 | 18" | 24 | 5 























' 
j . 
af ey eS Se ee ee eS ee 
‘ 


(5) Treatment Allocations: For providing a valid error term in 
testing significance of treatment effects, it is necessary to 
ensure that treatment allocations within each block. the 
allocation of blocks within each -replication and _ finally 
the allotment of replications themselves over field loca- 
tions, are all randomized. The procedure of allotment 


may be done as follows: 
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(a) By the use of random numbers, allocate the rs 
rreatments randomly within cach block. A set of 5 ea le 
numbers should be drawn for the allocation of lenin 
within a block, each time afresh for aff the blocks withip 
replication, , 


(b) Next, within cach replication, randomise the posi- 
sions of blocks by drawing 5 random numbers from a ne ae 
table. A separate set of random numbers should be drawn 
each time the blocks are allocated within ad replicati 
(c) Finally, while deciding the distribution Of replications 
themselves over field locations, randomization should be 
ensured to avoid any personal bias in such allocations. 


(d) The blocks within a replication should be |ajd down 


contiguously so as to minimise the inter-block variations 
within the replication. This will 


. | provide greater precision 
in recovering inter-block information about the treatment 
effects. This will also hel 


int p in analysing the entire experi- 
ment as if it were a Randomized Complete Block Design, if 


On. 








necessary. 
When the treatments are allocated as above, the field lay-out might 
appear as shown. in Plan 12.5.3. | 
PLAN 12.5.3 
Pian 12,5.2. Atier randomization 
Block Rep I (X-group) Block Rep Il (Y-group) 
> TESTED) © Gel ofa apy 
ay | 5] 1 3| 2) 4 (6) | 1 | 6] 21/ 16 | 
[16 1918 | 118] | to] | 
Q) | 6| 8| 7 10 | 9 | (7) _7, 12) 22) 17) 2 
(5) 23 | 25 | 22 | 24 21 (10) -| 10 25} 5| 15] 20 
| Block Rep III (Z-group) 
‘asicl 18 | st 6 | 24°) 12° 
a2) | 2 | 2/2/14! 8 
aay eyesa | i | a3 [17 | 10 - 
(13)2 1°96 | 15 22, 3) “SS 
(11) Pate a | 19 | 13 | 25. 








owt, See ee 2 —F—aI ee oe eee 





~ 
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350 DESIGN AN 
(3,554: Statistical Analysis 
; triple lattice design is similar to th 
The statistical analysis ots seater design is simila = 


The analysis, as in the case of asim 
viz., (1) breaking up of the total Varia, 

components due to different a tes re variations, 
ats to treatment means tO = _ ani lock effects 
and (3) choosing appropriate tests of significance to Compare varieties 


‘fferent blocks. 
occurring in the same ffer 


; ice design. 
a simple lattice 
of repeated more than once. 
ee has three aspects, 


block or in di 


The various steps in the process of analysis are illustrated through 


an example. 


Example.—A 6 x 6 triple lattice design was used In a Varietal 
trial involving 36 varieties of Jowar, conducted during 1966-67 at the 
Agricultural Research Station, Bijapur. Table 12.5.1 shows the 
layout and the yields in kg. per plot at the time of harvest. 


TABLE 12.5.1 


A 6 X 6 Triple Lattice Plan for Jowar Experiment in Bijapur 

































Blocks Rep 1 (X-group) 
ee es 
Poe ie 
(1) | 6 5 2 4 
0-274) | (0-237) | (0-305) | (0-422) | (0-311) | (0-303) 
27 oh ono Se ee ee 
(5) - | a0 25 28 
| ha — (0-290) | (0-382) | (0-480) | (0-484) (0-453) 
, |. » ails SS —_—— 
(3) 14 os bp alOceleee 5 18 
178) | O80) | (0-244) | (0-368) | (0-101) | (0-477 
(4) 2 | 20 24 a 
23 21 
0-413) | (0-174) | (0-347) | (0-250) (0-219) 
(2) 8 a ee eres eo 
(0-134) | (. : 12 1 
— ot oo (0-330) | (0-396) (0-174) 
6 - - 
) | (0-304) | (0-168) | (0-231) | (0-144) 
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plocks Rep W¥-eroup) 
9 Zi 3 21 33 
(9) ia 1350) ae on W285) (0-311) | (0-259) | (0-255) 
ee er oo day 4 
(12) | (0-426) | (+398) | (0-307) | (0-178) 


22 10 4 34 28 

(10) | (0-273) | (0-283) | (0-315) | (0-233) | (0-328) | (0-186) 
a_i < 23 ; oe | 

(11) | (0-271) | (0-539) | (0-308) | (0-290) | (0-208) | (0-275) 


13 7 25 
(7) | (0-331) | (0- 454) (0-421) | (0-237) 
44 | 


26 8 
(0:275) | (0-414) 035 








2 0 32 
(8) ean (0-206) | (0-133) 


Blocks Rep Mil (Z-group) 


ge 


_ | | 
11 18 19 


33 
(16) (0° 212) 0-3 305) Zk 0-271 271) ) | ¢ (0- 0-259) 








(0: 378) @ (0: 176) ie (0: 156 ) (0: 383) | ©: 355) 
a 


| 
| 


— eee 
| 


ee aw cme eS —_—_—_—_—— 


| | 
(0- 185) ) | @ (0- 162) 
ee | 

(13) @ (0: a) | 
| se ti | 


(18) | @. 405) (0- 74) (0- 396) o (0° 417) | (0- 440) 


ee {ee een ee 
o- —" SS SS SD —— — 
ce Qe, ES RS |S NLS SS . 


(15) | @-: 05) (0- 350) @ (0: 260) @ (0: 136). (0: 329) | (0: 137) 


— Bg ea aa 
ee ae 
SE A ret gee ee es 
——— ied et ee 
re Sees Se Cte 


4) ie 316) (0- 234). o (0- 131) 0: - 306) 0: (0- 360) | (0- 303) 


90 | 13 
(0+ 359) ae (0: 6 (0:263) 


——_—) ee ee 
SE ee ea) SOS? eS SS ns 


| 34 5 
(17) (0-376) (0-450) (0-347) 








d the varieties 
Step 1.—-Arrange the blocks wihin each replication an 
Within euck block systematically along with the yield observations as 
in Table 12.5.2. 


(0-188) | 
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ia 5 
| on TABLE 12.5.2 
Rep | (X-group) i 
Blocks ee ee eee ee Ck total, 
Ee a ee a eee 
1 | Toe. 4 * ition. 
(1) (0-274) | @ 310 (0-237) | (0-303) | (0-422) (0-305) | 182 
aa Car a 9 10 {1 In| 
2) tay Orth) | 0-330) | 0°17 | 0:25) (039) Hay | 
aL 15 16 7 18 
(3) @-101) | (0-178) | c0r24a) | COTA) | AID (0-368), 1 +502 
a 21 22 233 | #24 | 
(4) | +198) 0-174) | (0-219) | -413) | (0-250) (0-347) | 1-60) 
- 27 29 «|. - 30 
(5) (0- cathy | (0- 453) (0-403) | (0-484) | (0- 290) (0-382) | 2°492 
| Y 39 «| 33 34 35 36 
(6) (0- 168) (0-144) | (0-441) (0-304) | (0-231) | (0-233) ee) 
Sa ae Be ee eee 
TOTAL 10-382 (G,) 
Block | Rep If (Y- group) Block totals 
(7) [es Be \nh ag 19 25 |. 31 9.165 
» | (0°358) Baas (0-331), | (0-364) | (0-421) (0-237) ; 
2 s {si [| 9 | 2 | 32 
(8 32 1-710 
) 0-387) (0: 414) | (0-295) | (0-206) | (0-275) | (0-133) | ~ ” 
° is 9 a | en emer ee en | Se RS ‘ 
(9 21 zal 33 62] 
Rieke & ‘ (0. 0-261), (0. 350) (0-259) | (0-285) | (0-255) sie 
ao) | 4 1 | a | 28 | 34. | pos 
0-315), ©: 283 (0- 186) (0-273): | (0-328) | (0-233) | 
(11) | 7 | 23 °| 9 | 35 sat | 
a 59 |e | o 250) (0-308) | (0-275) | (0-208) 
12 (eee ee ae CU ee 
a) (0-426) (0-344) “ 19m 


(0-398) 















24 30 
(0-251) | (0-307) | (0-178) 





TOTAL 





b \ 
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a Kep HI (Z-group) Block totals 

_ | , | 8 is | 22 49 46 

Bis) | 0-334) | (0-383) | (O°978) | (O+176) | (0-355) | (o-156) | 7? 
. | 9 16 23 30) 

0) | 0:303) (0-376) | (0-121) | (0-360) | (0-306) | (0-234) | 1°700 

one —| 10 17 24 25 32 oa 

Fas) | (0-137) | (0+350) | (0260) | (0-305) | (0329) | (0-136) | 

: ee ini cant ees SLE seas | 

| = I 18 19 26 | (33 oa | 

| @-185) | (+212) | (+305) | (0-259) | (+162) | (0-271) 





] Ce. 
aan 
| 


ma | 5 12 13 20 my 34 on ! 
(17) | @-347) | (0-450) | (0-263) | (0-359) | (0-336) | (0-376) | 
S| 6 7 14 21 28 
| 8) | 274) | (0-188) | (0-417) | (0-396) | (0-405) 
| ! 
Ee eee ee EE 


TOTAL 10-644 (G;) 









7S 
es MT 
Tie 

7 


. Step 2.—Set up a table of varietal totals by summing up the yields for each 
" yariety over all the three replications. This is shown in Table 12.5.3. 


TABLE 12.5.3 
Treatment totals (unadjusted) 


1 Z | 4 5 
0-966 1-001 0-685 0-803 1-308 1-005 


aE ee ee Se 








7 g 10 rT 12 
0-766 | 0-931 | 0-967 | 0-807 | 0-739 | 1-190 
13 14 15 16 17 18 
0-695 | 0-890 | 0-872 | 0-441 | 1-027 | 1-07) 
9 | 20.1 21 |. 922 23 24 
0-821 | 0-739 | 0-874 | 0-862 | 0-918 | 0-903 








28 29 30 
LeZiy 0+920 0-995 


25 26 27 
1-230 0-890 1-024 


31 32 33 


0-639 | 0-413 | 0-967 | 0:913 | 0:879 | 0-567 





A 


pi 
. ? 
| a F- 
bs 
F 
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Example: Total for varicty 
a totals B, Bz, ...,B 
—(a Compute the block py, Bas + +> Big for 
k a pao the six observations occurring in each block. the 
blocks } ‘on are reported in the last column of T - 
able 


block totals in each replicati 


12.5.2. 
Example: Block Totals | 


= 1-852. 
(b) Obtain the total for each Replication by summing t 
totals within the replicatjon. ‘ & the block 


For Replication I: 
G, = B, + Be + Bs + Ba + Bs + Be 
—, 1-852 +.... $:1°521 = 10-382. 


For Replication IT: | 
G, = B, +B, +B, + Bo + But Bi 
= 2-165 4+... + 1:904 = 10:909 


For Replication II: | 
Gs = By + Bia + Bis + Big + Bi, + Bis 
= 1-782 +... + 2-120 = 10-644. 
(c) Obtain the Grand Total 
T — Gi ++ G, 4. G3 
T = 10-382 + 10-909 + 10-644 = 31-935. 
Step 4.—C | 
Sum of Squares (SSO ¥ Total Sum of Squares (SSQ,), Replication 
ignoring blocks (SSO, and unadjusted Treatment Sum of Squares 
Q: unadj), in the usual: manner. For this: 


a 
(a) Compute the Correction Factor CF: 


CF = a (Grand Total)? 
otal number of observation. 
r : 
7” of observations 
Pe 
where y=r Coe 
>» F = Number eee 
eg = V 
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jy Tol H — (SSQ,). Square each o 
in and find their sum and subtract the Sorertion Factor a 


SSQ, = (0°274)* + ... + (0-233)? + (0-358)2 4... 
-- (0°178)? + (0-334)? +... + (0-440)? — CF 
— 10-448 — 9-443 = 1-005 


(c) Replication Sum of Squares: (SSQ,) 
2 2 y) 
SsSQ, = ee Se — CF 
(10-382)? + (10-909)? + (10-644)? 
= 
36 
= 9-447 — 9-443 — 0:004 


(d) Unadjusted Treatment Sum of Squares (SSQ, unadj): S$ 
each value in Table 12.5.3, find their sum, divide ey ning! he nec 
Correction Factor CF: 7 | 
a USO) See ely 

3 a 
= 9-901 — 9-443 = 0-458. 


SSQ, (unadj) CF 


(The divisor is 3 since each total is obtained as a sum of three 
- observations). 


However asin asimple lattice design, the ordinary treatment means 
contain the block effects and the block totals contain the treatment 
effects. It is therefore necéssary to keep the treatment means free of 
block effects. Further the principle of eliminating the treatment 
- effects from the block totals within each replication (X, Y, Z, groupings) 
is, in general, the same as explained in simple lattice design on page 
335. The method of computation of Block Sum of Squares, freed of 
treatment effects, is given in Step 5 [Component (d)]. 


Step 5.—Computation of Block Sum of Squares adjusted for Treat- 
ment Effects [SSQ, (adj)]. 


(a) Compute for each block in Rep I (X- group) an adjusted block 
total C as follows: 


(1) First, find the treatment total over all replications, of those 
treatments that go into each block .in Rep I. 


(Note. For X-group blocks, these totals are merely the sum of 
the row-totals in Table 12.5.3). | 


, Example: Block 1 of Rep I contains the treatments (varieties) . 
4-6. From table 12.5.3, the sum of the treatment totals for these 
treatments is: : 


0-966 + 1-001 ++ 0-685 + 0-803 + 1:308 + 1-005 = 5°708. 
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ANALYSIS O 
SIGN AND 


DE | 8 
otals for other blocks of Rep I are reporteg in 


This and. similar t 
Col 2 of Table ‘12. ‘sioses _ subtract three times the Block totajg 
(2) Front each Of : A song rock totals B,, B,, Be Be B, and B 
of Rep ‘ty available step 3 (a), three times their valyes 
are mot | 3 of Table 12.5.4 (@). 
are 1 | 
he resulting differences are reported as C-values in Col q 
(3) Tr Table 12.5.4). 


TABLE 12.5.4(@) 
Computation of °C’ values for Rep 1 


ee ae =e r] ee 





| rcatment, | Feckeotal | for Block 

No. replications of Rep I. (By a | 
carne wees Gane ieee ee ae a 
Sar Les 2 eee Oe 

ay 5-768 | 31-852) | +0212 

(2) 5 +400 3 (1-414) | aoe 158 

(3) ; 4-996 31-502) | +0-490 

(4) 5-117 3 (1-601) +0:314 

(5) 6-276 3 (2+492) —1+200 

(6) : 4-378 3 (1-152) a 18s 
TOTAL ae a1* 935 34 -146 _ 10-789 


a 
ere ee es ee ee 


. Note that Col 2 total should agree with the srand total (31-935), 
Col. 3 total to thrice Rep I total; their difference to 0°78. 


(6) Compute C-values for b = as 
specified in Step 5 (a). or blocks of Rep II in the same way 


(1) Column total of Table 12.5.3 gives the treatment totals, over 


all replications, for those tr int bloc’ 
eatments that go into each bie 
in Rep II (Y-grouping). —e 


(2) Seen i pable 12.5.4 (b) gives thrice the values for block 
77 Bg, Bo, Bio, B,, and B,,. of Rep II (¥-groupins) | 


— (3) The C-values obtained 


: ° . 1 4 
of Table 12.5.4 (6). > subtraction are reported 10 Co 


r'ted in 


tota 
ind x: 
Values 


Col 4 


vel 
ck 


ck 
g). 





as @ Obtain the totals of C-values 


For Rep Il: This total Ba 
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TABLE 12.5.4 (b) 


Computation of ‘C’ values for Rep If 





















ELiypenegst Thrice the C-valu 
: total over a block tote ne = 
ie replications of Rep | : (by se 
ee eee tion) 
ees eae a a it ae ne 
eat 5-117 3(2:165) | —4-378 
) 4-864 3 (1+710) | —0-266 
(9) 5-389 3 (1621) | +()-526 
(10) 5-043 3 (1-618) | 40-189 
a1) 5-791 3 (1-891) | +0-118 
(12) S731 3 (1-904) | +0-019 
ee a PO Naa 
TOTAL | 31-935 32-727 —0°792 


i 


Check.—The total under Col 2 should agree with the grand iotal 
(31.935), of Col 3 with 3 times Rep II total, and their difference with 


0-792 of Col 4. 


(c) As in (@) and (b), compute C-values for blocks of Rep III also. 


(1) In Col 2 of T able 12.5.4 (c), the treatment totals over all 
replications are given for those treatments that go into each block in 


Rep III (Z-group). 


Example.—The treatments that go into Block 13 are | Oe ae bs a a 
29 and 36. The total of these treatments is 5° 118. 


(2) Col 3 of the same Table gives thrice the values for block 
totals By, Bia Bio» Bi, Biz and Bis: 
(3) C-values for these blocks are obtained by subtraction [Col 4 
of Table 12.5.4 (¢)]. 
| 7 . 31-935) 
Check.—The total of Col 2 should agree with gt and total G 
of col 3 with thrice the total for Rep Hl (3G,) and their ditlerence LO 
the total of Col 4, 
for each Replication : 
For Rep I; This total Ry = + 0+789 
oe en OF 792 


_ -|- 0:003, 






For Rep Ill; This total Rs 


|. CARIN Seas 
Tote seed 
© 





en son an 
a eT PO 


a 
i | 
a 
rf 
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Computation of ‘C’ yalues for Rep Il 


ee ee 
No. replications of Kep ripe 
a 
(43) sae] 3 (1-782) —0-228 
(14) 4-961 3 (1-700) —0:139 
(15) 5-065 » BxT<S)y) +0:514 
(16) 52g! 3 (1-394) +1-109 
a7 5-869 3 (2-131) © —0:524 
(18) 5-631 3 (2-120) —0-729 
aa rere ae ee ee ee ee 





bo SE ee SS 


Check.—The total of R,, R, and Rs should add to zero except for 
rounding of error. The check Ry + R, -+- Rs = 0 ensures the arith- 
metical accuracy of the calculations in the previous Steps. 


R, + R. + Rs = 0-789 — 0-792 + 0:003 = 0-000 
(e) Finally the Adjusted Block Sum of Squares is given by: 


ae. 2C ZR 
SSQ, (adj) can kr (r =e cad ke r(r y (r — 1) T) 


(r = number of replications 


k =number of treatments per 
block) 


— GPG P+... + Cg? _ RP +R? + Re’ 
(6) (3) (2) ~~ (36) (3) (2) 





. Unlike an Co - 
+ <q «7 igs 2s he mplete Block " ’ e e ° 1 
Incomplete Block Designs like Lattice © °° RCBD, the divisors are different in 
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_ (0:212)? + 2... + (— 0-729)? 


36 


359 


__ 0-789)" -- (— 0-792)? + (0-003)? 
iG 


= 0:219 — 0:006 = 0°213. 


iep 6—T Error Sum of Squares due to uncontrolled factors is 
obtained by subtraction. 


sSQ, = SSQ, — SSQ, — SSQ, (unadj) — SSQ, (adj) 
— 1-005 — 0-004 — 0-458 — 0-213 = 0-330. 


Step 7.—After the computation of various sums of squares, the 
ANOVA table is set up as in table 12.5.5. This table represents both 
schematic and numerical values for various sums of squares: 


12.5.2 Test of Significance: 


The above analysis of variance does not provide a valid F-test for 
treatment differences, since. the treatment sum of squares is not 
adjusted for block effects. For a valid F-test, we need to compute 
sum of squares due to treatment differences, after making adjustments 
for block effects. Since this needs additional computations, before 
launching upon such an analysis, it would be useful to perform a pre- 
liminary analysis as if the whole experiment is laid down as a Rando- 
mized Complete Block Design. This can be done by pooling the two- 
error terms, viz., Intra- and Inter-block variabilities to obtain a pooled 
etror term and then to perform an RCBD analysis. If this F-test 
results with a significant difference among treatment means, there is 
no need for any further computaiional work since such a test would 
normally increase the level of significance. If, on the other hand, the 
preliminary RCBD analysis turns out to be non-significant, further 
analysis for a more sensitive test may be performed by computing 
adjusted treatment sum of squares, adjusted for block effects. In step 8, 
the preliminary RCBD analysis is presented. 


Step 8: Preliminary RCBD analysis.—(a) Pool the two Sums of 
Squares, SSQ,, (adj) and SSQ, to obtain a pooled—sum of squares for 
tror (SSQ,,). Pool the degrees of freedom also. 


SSQ., = SSQ, -+ SSQ, (adj) = 0:330 + 0:213 = 0:543. 
Pooled df = 55 + 15 = 70. 


(b) Set up the ANOVA table for RCBD analysis as in Table 12.5.6, 
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TABLE 12.5.6 


ANOVA table for preliminary RCBD analysis 





Eee eer oe ee 
BOLERS | = SS | MSS | F-ratio 
=. ene ee 
7 Replication 2 | 0-004 | 0-002 | 
”) Treatment (unadj)* | se 0-458 0-013 | 1:625 














4 perimental Error (pooled); 70 0-543 0-008 
oe TOTAL 107 | 1-005 | - S 
* When the 


whole replication is considered as a Complete Block, the factor 
of block effect on treatments does not arise. 


The preliminary analysis shows that the F-test turns out to be 
just significant at 5°/ level indicating that there is an over-all significant 
difference among treatments (i.e., varieties). A more sensitive test, 
if performed, would only establish this significance at higher level. 


In this particular case, therefore, there is no need to perform any 
further computation. 


However to acquaint the reader with the method of performing 
furthér analysis, in case a preliminary F-test turns out to be non-signi- 
ficant, various steps involved in such an analysis are given in Steps 11 
and 12 for the present data even though this is not required. 


12.5.3. Adjustment to Treatment Totals — 


As in a Simple Lattice, the treatment means (or totals) would be 
confounded with block effects and they may have to be corrected for 
these block effects. The decision to effect these adjustments to the 
treatment means is to be based on whether or not the block effects 
are substantial. If the block variations, as judged from the value of 
E, is greater than the intra-block Error component E,, then treatment 
means are to be freed from block effects; otherwise if E, is less than 
E,, there is no need for such adjustments and the ordinary treatment 
means themselves will represent the correct means without block effects. 
n the present example, E, is larger than E, (Table 12.5.5) and indicates 
that inter-block variations are substantial; as a result of this, the 
oe totals reported in table 12.5 5 need corrections for block 
erect 


s. The procedure for effecting the corrections is given in the 
following step. 


Connie? 9: Computation of adjustments to treatment totals.—(a) 
fobute the weighting factors »C’s for making adjustments to MEBEINY 
‘S, : ; : 


| ee ne “ein AND ANALYSIS. OF FIELD EXPERIMENTS 
eee DESIG 


He 62 

H ie BE, —E. 

the = ie (r i i 1) EB, 

i (i, = . Inter-block Error Mean Square 
| Bi, = Intra- «block Error Mean Square, 
ue both from Table 12.5.5) 

il _ 0-014 — 0-006 _ 9.048 


= (6) (2) (0: 014) | 
(k = number of varieties per 
block) 





b) Compute correction factor for each block by multiplying each 
( om 


C-value by this » value. 
pC, — 0-010; Co = 0-056; Cs = 0-024 


For Rep | 
et ee O15; pg PEE eg ee OY 


Blocks 


, ’ wins preys 
yal Cea ar eee tnt Rapasss 
dp) he ghk cae Meade iss pitas f Ren wet pam Pie ae eo be 
ite : aan ig i LIT ET dF T erasramies Vee ene aN oR ed a 
y be SL Di acral On ds Se ty ipa Sor pele okay pal Go hat cea Opes hee R eae eae (Neds 
. Es et our ibe ‘ RSE ae pe ashe Sie STE Ea ee gle eh PRL LTS ey vides Res Nt a 
\ Sn tae eee zs me cn ittice te tga sett arg ARS SMM LARTER alt oe 15 : 2, = Miia fed Moca Remedi igs Rrimisn i” ee Seas aa y ane NY ATS 
NGA PAR TEOMA SLI UE NCR. Sap eiyeU A sense Aso SEES ont al Gt es a yao A SE TN he me! lh era ie ea tL aE alma aia ela EN | 


For RepWl pC, = —0-066; pC, = —0°013; pC, = 0-025 


Blocks wCyy9 = 0-009; wu = 0-006; pC, —0-001. 


wCyg = —O°011; pCyg = —9°007; wy; = 0-025 


For Rep Ill 
Blocks tCyg = 0°0535, Hy = 0-025; »C,, = —0-035 


ES aIhE 


eine SHIRT ig? |e TONEY 
a 


Check.—The total of all the 18 wC’s should add up to zero except 


for rounding of error. 1.¢., 
pC, + eCe, +... +HCig = 9. 
= 0-010 + ... — 0-035 = 0-000. 


—_—: 





is (c) For each treatment, identify the blocks in which it occurs. 
| Apply the correction to the treatment total (Table 12.5.3) for this 
treatment by adding »C values for these blocks. | 


nid Example.—Variety 1 appears in Block 1 of Rep I, Block 7 of 
SUE Oo Rep If and Block 13 of Rep III, Add the values of pCy, wC, and ies 
to the treatment total for variety | in Table 12.5.3. | 


i 


Then adjusted treatment total for variety 1 


_ Variety 1=0: 966 + 0: 010 — 0. 066 — 0- O11 = 0: 99. 


oe : oe ee | Fn construct a table (Table 12, 5. 1 of ated treatment ‘ah oe 
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TABLE 12.5.7 : | 
Adjusted treatment totals ; 
2 3 4 5 6 
(0-991) | (745) | (+875) | (1-299) (0-981) 
nae 9 We ay Ee pa 
(0°963) | (1-041) | (+897) | -854) | Gy 222) 
om Sey 45 16.) Fe ae 
(0-866) | (0-910) | (0-467) | (1-082) | (1-449) 
7 ap 21 23 egg Al gg ee 
(0-716) | (0-879) | (0-875) | (0-932) | (*944) 
a 27 7 ae ee ee hare 
(0°872) | (0-966) | (1-133) | (0-857) | (0-931) 





ee 
. ee Se es | 


31 32 34 
(0:557) | (0-416) (1-036) | (0-888) 


tT een. he Serta | 


near OS <5 ae oe 
Check: The grand total in this table should agree with the grand 
total in Table 12.5.3. 


(d) The adjusted Treatment Means are obtained by dividing each 
value in Table 12.5.7 by 3, the number of replications for each treat- 
ment. 








2 ie Ota 
(0-841) (0-548) 


The treatment means are reported in Table 12.5.8. 











TABLE 12.5.8 
Adjusted treatment means 
_ (kg/plot) 
1 2 : 4 
0-300 0-330 0-248 © 0-292 





7 8 
0-240 0-321 


ES SRT EES OC ne 


_ 13 14 
0-209 0-289 


Sn es Oe Ps eens 


0-347 0-299 
15 16 
0-303 0-156 


ee te et OD 
| ns eS ee Se et 
es S.C ee ee | Se 


21 22 
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- ~ yee ’ J / . , 
| »_- @ . ¢ 


stave Ol specific pairs ol MCAS OFC 10 - fy 
ars is to be used ino sueh COMpapy, 


Then comp eee 
\ he ‘ Standard Brrol 


1Onje 


‘opriate sTILS yr : 
then Se pen whether the two means appear in (he same block .' 
depending Wr cKs, However when a large number of such pairy 4° 
. “re ae mae Sty ath ror a 
in ceiipeiel sared, then an average Standard Mirror may bo USOC [op all 
= genic in such COMparisous, Phis ye oe i fairy 
+ tests : sean resulting in saving OF much labour j 
ais for COMpArISON Te: 9 IN Coy 
cood basis [OT i 
putauion. 
The appropriate Standard Errors are given by the lollowing 
‘ J 
formulaé. 
Step 10: (a) Srandard Error for Comparing Means (adjusted) 


appearing in the same block (SE,):—-The SE of the difference between 
anv two adjusted treatment means appearing In, the same block jg given 


by the formula: 


Sc. = Ne [1 +@—1)e) +r =number of replications. 


For our Example: 


-_-- ——- --—_- Se rr re ee 


Se a nf 4-2 x 0+048) = 0-066. 

(b) Siandard Error for Comparing adjusted Means appearing in 
different Blocks (SE,).—The SE for comparing any two adjusted means 
appearing in different blocks is given by the formula: 


sh. = a/ Pe (I + rp). 


For our, Example: 


EE 


_--- 


SE, = 4/7 1 4.3 x 0-048) = 0-068. 


(c) Average Standard Error for Comparing any two adjusted Meany 
(SE,,).—The formula for this is given by: | 


SE, =| 7 [1 4 Te 
3 r k+] 


For our example, 






- 


Ta 9 
SE, =, /2% 0067 3x 6x 0-043 
fs 3 Ltt | eee 


~" the use of thi | | 
. "Gs aay “oe ] S . 
except in marginal Cases), average SE will &encrally serve the purpos? 


aise 
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F 4A More Appropriate F-test of Significance for Adjusted Treat- 
{2. arent Means 


6 359 it was mentioned that a Preliminary RCBD analysis 


ll yaLz 
: % sufticient to find out the overall significance of differences 
means. When a large number of varictics 1s involved, generally 


‘liminary analysis itself would reveal any significant differences, 
seg some of the means are likely to be significantly different. If the 
Stest LUIS out to be non-significant due to high inter-block variations, 
2b qa more valid F-test may be necessary requiring computation of 
adjusted treatment sums of squares, adjusted for block effects. 


Step 11: Computation of adjusted treatment sum of squares 
(SSQ: adj ).—(a) Compute the Block Sum of Squares unadjusted for 
treatment effects. Since we have already calculated the block sums 
B,, Bo,-- Bis in step 3 (a) for each replication, the unadjusted Block 


1 a 4 . ‘i 
sum of Squares is easily computed : 


For Rep I: | | 
$50, (unndj) = Bat Bat + Bo? + Bo + Bet + Bat _ Sy 
(£9852) +, 2 $1521? — G0°382)° 
oe on ee 36 
~ 3-129 — 2-994 = 0-135. 
For Rep II: 





wt... --B.2:. Ge 
sto. Gani) = 2 ee 


_ (2-165)? + ... + (1-904)? __ (10-909)? 
- 6 ——~H 


__ 3.343 — 3-306 = 0-037. 


For Rep Il: | 
; Ay x By" + ee + Bie® G;* 
SSQ, (unadj) =~  raeeioatibaals * | 
_ (1-782)" +... +2120)? __ (10-644)8 
6 36 


= 3+224 — 3-147 = 0:077 
[Note.—The G values are available in Step 3 (d)). 


Finally the unadjusted SSQ,: 
SSQ, = 0:135 -+- 0:037 -+- 0-077 = 0-249. 


_ (6) Compute the following correction quantity Q to be subtracted 
from the unadjusted Treatment Sum of Squares: me 
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; | | 
o=kir—Ve Reenter SSQ, (unad/) ~ S3Q, (adj) | 


3 
6x 2x 0-048 er 76 x roBs oe 0-213) | 


~ 0+576 [0-290 — 0:213] = 0:044. | 


Note.—The value for p is available in Step 9 (a) and for SSQ, 


(adj) in Sfep 5 (c).] 


(c) Finally subtract the quantity Q from the unadjusted treatment 
sum of squares SSQ,; (wnadj) to obtain the adjusted treatment sum of 


squares viz. SSQ; (adj). 
SSQ, (adj) = SSQ, (unadj) — Q = 0-458 — 0:044 = 0-414. 


[Note—The value for SSQ; (unadj) is available in Step 4 (d)]. 


Step 12.—Having obtained the adjusted Treatment Sum of Squares, 
adjusted for block effects, the significance of the treatment (adjusted) 
differences can be tested by setting up the following ANOVA 


(Table 12.5.9 @). | 


The F-ratio of 2:00 for adjusted treatment means is significantly 
more than the F-ratio of 1:625 obtained under simple RCBD analysis 
in Step 8, for unadjusted treatment means. This is because the error 
component there (pooled error) was inflated because of substantial 
differences in the fertility levels among incomplete blocks. As ex- 
plained earlier, if F-has turned out to be significant under simple RCBD 
analysis, it is usually more so when treatment means are adjusted for 
block effects. The Standard errors mentioned earlier for comparisons 
of pairs of treatments remain the same when this F-turns out to be 


significant. 


The reader will recognize the similarities in steps in the analyses 
of Simple (Double) Lattice and Triple lattice Designs. In fact, to 
facilitate the recognition of the strong similarities, steps have been 
numbered similarly involving similar operations. The reader should 
not have any difficulty in mastering the technique of analysis of lattice 
designs, The same pattern is kept although the process of analysis 
of quadruple lattice given in the next section. 


12.6. QUADRUPLE LATTICE 


In the previous section we learnt that a triple lattice was just an 
extension of a Simple (Double) Lattice with the addition of one more 
replication (i.e., Z-group), formed by the groupings of treatment 
elements in a particular way using diagonal elements from Re -- 
A quadruple lattice, ina similar way, is a further extension of a triple 
lattice by the addition of a fourth replication, formed by grouping the 
treatments utilizing the diagonal elements of Rep III, exactly 
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; formation of th , 

“nthe same way lor can casily recognize the 348) from the Mie fourth 

to», J. The reader ca Il (plan 12.5.9 Pp. . Dp ollowing 
ep il. ‘ony Rep ] , 5 vilicLlics, given iM Plan 1260 Le 


replication {1 


‘or the case O 
qwo squares for the ca 


PLAN 12.6.1 


Rep UL and Rep LV for quadruple lattice 
C f ; 


Block Rep Ill Block Rep LV 


ay | 1 71131 19/25] (16) | | 12 | 23} 9 | 20 


ay [6|izfis| 24] 5) ay | 6] 17) 34 14] 25 
as) [1] 17/23) 4] 10) (8) | | 22) 8] 19] 5 
a4) | 16/22] 3) 9} 15} (9) | 16| 2] 13 | 24 | 10 


18 | 4 | 15 


f 


ee ee oe 


(2 


IEEE x 


(15) | 21| 2] 8] 14] 20) (oy. | 21} 7 


SS 
Se a ee eee 


The first two replications of a Simple Lattice design, together with 
these two replications, constitute the basic design for a quadruple lattice. 


12.6.1. Treatment Allocations 


The treatment allocations are done exactly in the same way as 
are done for a simple or a triple lattice, except in this case there are four 
replications. The blocks within replications, the treatments within 
each block and the replications themselves are all randomly distri- 
buted. The blocks within each replication are to be placed in com- 
pact square plots, if possible, so that such a layout will keep the inter- 
block variations within each replication low thereby the treatment means 
may be assessed with greater precision. This will also permit analysis 
of the results as RCBD—a preliminary analysis, 


12.6.2, Statistical anal ysis | 


simone analysis of a quadruple design is also similar to 
in the anal] ra of ae designs, In order to bring out the similarities 
more or Tiss the vm these designs, the sequence of steps has been kept 
tering the slags onl The reader Should find no difficulty in mas- 
analysis would a eae ge of analysis in any of these designs. The 
design is ant im hecho undergo some changes when the same basic 
ever, be given latewexn than once. An illustration for this will, how 
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; The plan layout, the varieties and their 
a 9’) are reported in Table 12.6.1 as th 
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design was 


TABLE 12.6.1 


Plan lay-out for a quadruple lattice. 


























a | aaa ae 
21 8 2 i 20 
(12) | "0-177 | 0-383 0-234. »-0-312.-«9-057 
fs 25 1 7 19 13 
CD | 0-274 | 0-334 0-533 0-090 | 0-340 
14 11 10 17 4 | 93 
(14) | 9-242 | 0-237. 0-166 . 0-334) 0-934 
_ 5 24 bane eee? 18 
(15) | 9.446 | 0-165 | 0-442 | 0-334 0-390 
- 9 Is | 22 3 16. --.| 
(13) | 9-275 | 0-216 | 0-283 | 0-204 0-264 
| 
Block Rep IV 
19 5 29 it 8 
20) | 0-250 | 0-439 | 0-285 | 0-385 0-299 
bp | -~ | 2. | 10 16 
| GDF 9-165 | 0-248 | 0-242 | 0-351 0-169 
: 3 95 14 6 
(18) | oes | 9-336 | 0-244 | 0-245 | 0-365 
3 | 4 12 9 20 
7 4 18 
(19) | O65 so 0-250 | 0-384 0-237 


Ga 


24 


were e 

€arch Stati 7. eae 
used with four repli- 
yields in kg per plot 
CY appear under rando- 
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0-314 


470 DESIG 
Rep | 
Block net an ie 
—_—— | | | | 
7 | i 19 [7 18 | 
“| a 5.072 (0-128 ~—«0:072:'| (0-169 
nea ae ee ee ae 
| : [ee | 
35 | 21 | 9325 gy o9 0.389 
) oan 0-363 
(5) 0-357 | 0° af —— 
~~ | 7 14 | 43 
(3) | 9-237 | 0-248 0-266 0-179 | 0-19] | 
nus me ae Oe al i ee 


3 
(1) | 9.369  .0-262 | 0:252 0°350 








Block ; Rep Il 
“or 19 . 4 24 14 | 
0-194 0-155 0-29] 0-272 0-389 | 
(10) 20 25 10 7. Tia 4 
| 0-143 | 0-268 0-344 0-443 0-462 | 
oi eee ct % | 


6 
(6) | 0-346 | 0-310 | 0-348 0-273 | 0-419 

2 17 ae ee arenas 

| 0-244 | 0-138 | 0-262 | 0-287 | 9-143 

0-327 | 0-279 | 0-151 | 0-931 sa | 

4 








Different steps involved in the analysis of data are: 


St — ane | 
ally ne tne piGekt within each replication and the 
shown in Table 12.6.2 ystematically along with the yields as 
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37) 
TABLE 12.6.2 
Rep I Block 
Total 
| 2 : : S 
9-369 | 0-252 | 0-262 | 0-314 | 0-350 | 1-547 
ae: 7 8 9 | 10 
0-323 | 0:203 | 0-253 | 0:176 | 0-214 | 1-169 
a) 12 13 4 | 45 
0-266 | 0:248 | 0-191 | 0-179 | 0-237 | 1-121 
16 17 18 19 | 20 


— 6 


0-114 | 0-072 | 0-169 | 0-128 | 0-072 | 0-555 


21 20 23 oA a5 
0-387 | 0-363 0-389 | 0-299 | 0-357 | 1-795 


a ee ee ee a Oe ee ee ae, 


TOTAL 6-187 (G,) 





Rep Il Block 
Total 
1 6 11 
0-310 | 0-348 | 0-419 1-696 
2. 7 12 
0-244 | 0-287 | 0-143 1-074 
3 8 13 
0-151 | 0-279: | 0-327 1-076 
4 9° | 14 
O> 291 0-194 0-389 1-301 
sao | 15. | 20° 
0-443 | 0-344 | 0-462 1-660 





ToTAL 6-807 (Ga) 















































pESIGN 
Rep Ill Block 
Tota] 
— 
7 13 19 aS 
5 aad 9-533 | 0-340 | 0-090 | 0-274 | 1-57] 
_—_—_———_— ag i ae le 20 21 
0-234 | 0-383 | 0-312 | 0°057 0-177 | 1-163 
9-304 | 0-295 | 0-216 | 0-264 | 0-283 | 1-262 
Te |5 i fil 17 23 
0-334 | 0-237 | 0-242 | 0-166 | 0-234 | 1-213 
| is iy Seer be bbe 
0-446 | 0-334 | 0-442 | 0-320 | 0-165 | 1-707 
Meee las eee nea | See 
TOTAL 6-916 (G,) 
Rep IV Block 
Total 
| | ‘ 
9 | 12 20 | 3 
0-425 | 0-341 | 0-372 | 0-062 | 0-236 | 1-436 
- @ | w | | | vse . 
0-242 | 0-351 | 0-165 | 0-169 | 0-238 | 1-165 ~ 
3 6 Ta ee ae ae 
0-336 | 0-365 | 0-245 | 0-122 | 0:244 | 1.312 
4 7 es S18 21 
0-384 | 0-250 | 0:532 | 0-237 | 0:265 | 1-668 
5 g 11 i9 | 2 
0-439 0:299 0:385 0-250 0:285 1:658 
i 
ToTAL 7:239 (Gs) 
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Step 2.—Construct Table 12.6.3 showing the treatment totals 


unadjusted . > tre 
aauste ) by summing the yields over all replications for each 
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TABLE 12.6.3 


Treatment totals (unadjusted) 


Total 


1 L 3 4 | 5 
(438 | 0-972 | 0-953 | 1-323 | 17678 | 6-364 

=) g 9 10 
1.370 | 1:273 | 1-214 | 1-006 | 1-146 | 6-009 


ees Se | GS es es ee | Oe 
a eS ee ee 


11 12 13 14 15 
1.312 | 1205 1-023 Lets 1-447 6°112 


———— 
—_— 


— es 
— 





ee | 
ee, eS eS 
— 





16 17 18 19 20 
9.820 | 0-498 | 0-814 | 0-623 | 0-334 | 3-089 


el ee eee 
—_—_e ts CS | eS ——— 





1175 | 1-193 | 1-090 | 0-974 | 1:143 | 5-575 


51 22 23 24 25 
Toran | 6-115 | 5-141 | 5-094 | 5-051 | 5-748 | 27-149 
eee er See eee ee 





Example.—Total for variety | 
— 0-369 + 0-310 + 0°334 + 0-425 = 1-438. 


; ll the 
__(qg) Compute the block totals B,, B,, ..., Bao for a 
20 fas ai Boner the 5 observations in each block. These block 


totals are shown in separate columns within each replication. 


Example : 
B, = 0°369 + 0°252 + 0-262 + 0-314 + 0-350 = 1°547 


(b) Obtain the total for each replication by summing the block 
totals. 


~s 


For Rep 1: 
G, = B, + B, + Bs + Ba + Bs 
= 1-547 + ~ oe 1-795 = 67187 
For Rep IT: 
G, = B, + B, + Bg + By + Bio 
= 1-696 4+...+ 1-660 = 6°807. 
For Rep III: 
G, = B,, + By + Bis + Bus + Bis 
= 1-571 +...4+1-707 = 6:910 
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For Rep 1V: 
G, = Bue + By, + Bis | Bry + Bao 
_ 1°436 eh 1:658 = 7°239. 
(c) Find the grand total T for the entire experiment, 
c : ‘ 
T= Gi -- Gy + Gs + G4 , 
— 6-187 + 6°807 ++ 6:916 -- 7:239 = 27°149, 
= ute the Total Sum of Squares (SSQ.), Replicas: 
. oe Oe and unadjusted ‘Treatment Sum of sqation 
sum * g the blocks, in the usual manner. For this ‘ 


(SSQ; unadj) ignorin 
Compute :—(@) The Correction Factor CF: 


2 
colieel Fe 


; ° ° . Oe 5 : ° ° 
(where, r = number of replications; k* = number of varieties) 


_ Gr 1a) -. 
aor C2. ae Pat}: 


(b) Total Sum of Squares (SSQ,): Square each of the 100 observa- 
tions and find their sum, then subtract CF to get SSQ.. 


SSQ, = [(0:369)? + ... + (0+357)? + (0-310)? +... 
(0-268)? + (0-334)2... + (0-165)? + (0-425)? 
+... (0-285)2] — CF 

= §:408 — 7-971 = 1-037. 
(c) Replication Sum of Squares (SSQ,): 
ssQ, — G2 + Ge? + Ga? + Gi? _ op 


k* 
_ 6°1872 + 6-8072 +.6-9162 2392 
= ge T7371 


25 
= 7-394 — 7-371 = 0-023 


(d) Unadjusted Treat , 
the square of each atment Sum of Squares (SSQ, (unadj)). Find 
CF from their mum. es in Table 12.6.3, divide by 4 ne aarelt 


SSQ, (unadj) = (+438)? +... +1 - 143)? — 
4 ee, ae 


oe 


= 7-923 — 4°37] = 0-552, 
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his 
The divisor for each is 4, since cach treatment total is 

e four observations). S made up 

0 


This completes the preliminary sums of 


: squ 
‘a except block sum of squ ‘l 


ares. {r ares necessary f 

ares freed y lor 
block total in any block contains not pie ga girs 
lg of that block, but also contains the effects of eee pe 
a gone Into that block. Before computing the sum of : ie — 
nockS. it is necessary to Temove the treatment effects. Rises ne have 
siready explained the underlying reason for removing the bration 
af acts on page 335 in Simple Lattice, the procedure for removing it 
ogne case of a Quadruple Lattice is given in step 5. The sum of squares 
thus computed is known as component (b) for block sums of squares 
adjusted for treatment effects. , 


Step 5.—Computation of Block Sum of Squares, Adjusted for 
Treatment Effects (SSQ, (adj)). , 


(a) For this, it is necessary first to compute an adjustment C 
to block total for each block in replication. These values may be 
determined as follows: 


(1) For Blocks in Rep I, find for each Block the treatment total 
over all the four replications, for those treatments that go into each 


block. For Rep. I, these totals are merely the sum of row-totals in 
Table 12.6.3. : | 


Example: Block 1 of Rep I contains the treatments (varieties) 


1-5. From Table 12.6.3 for treatment totals (unadj), the sum of these 
treatments is: 


1-438 + 0-972 + 0-953 + 1-323 + 1-678 = 6:364. 


This and similar totals for the five blocks of Rep I are reported in Col 
2 of Table 12.6.4 (a). 


, (2) From each of these totals subtract four times the block total 
of Rep I to get the C-values (Col 4). | 


(Check: The total under Col 2 should agree with the grand total 
A rite of Col 3 with 4 times Rep I and their difference with 2-401 of 
0 e 


(6) Compute C-values for blocks of Rep II in the same way as 
we did for blocks of Rep I. | 


(1) Col 2 of Table 12.6.4(b) gives the treatment totals over 
all replications, for those treatments that appear in each block of Rep II. 


(These totals are easily obtained as the column totals of Table 
12.6.3 for treatment totals). | 


to (2) Col 3 of the same table gives the value four times the block 
tal for each block in Rep II. 
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Tannin 12.6.4 (a) 
Computation of ‘ C? values for Rep I 
Sanne 
a rs , 
Treatment Four times By | 
aes sa par the Block subtraction 
_ | over all Reps | total of Rep J 
. aca ——- come Pepaneere : : 
a | 6364 | 4 (1-547) 0-176 
(2) 6-009 4 (1-169) 1-333 
(3) 6-112 4 (1-121) 1-628 
(4) 3-089 4 (0-555) 0-869 
(5) 5°3575 4 (1-795) — 1-605 
SLE eM Te NanoOS Meares (Senne ——_—______ 
TOTAL 27-149 24-478 2-401 
TABLE 12.6.4 (0) 
Computation of ‘°C’ values for Rep Il 
Treatment Four times C-values 
Blocks No. totals the Block (by 
over all Rep | totals of Rep II subtraction) 
J 5 3 A 
4 (1-696) —0-669 ) 
4 (1-074) 0-845 
' 4 (1-076) 0-790 
4 (1-301) 0-153 
4 (1-660) —0:892 
27°228 —0-079 





Eee Cree 
ee ore : as i Miser 


(3) The C-values are obtained b veer i 
in Col 4 of the same table. y subtraction and are repor 


(Check.—The total under Col 2 Should agree with the grand total 


atin hy, Col : with 4 times Rep II and their difference with —0-079 
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aTT 
Compute the C-values for the blocks j 
™ Say as we did for blocks in Rep I and Rep Te ee maetly in the 
san Table 12.6.4 (c). s€ are reported 
ae 


TABLE 12.6.4 (c) 


Computation of *C? yalues for Rep Si 


ee 














Treatment Four times Gc , | 
Block No. totals the Block — | 
over all Rep | totals of Rep III| subtraction) | 
| | | 
| 2 3 4 | 
ieee A a eam —_— | 
(11) 5+ 500 * 4(1-57)) —0-784 
(12) 4°820  ) 4 (1-163) 0-168 
(13) 5-419 4 (1-262) 0-371 
(14) 5 +369 4 (1-213) | 0-517 | 
(15) 6-041 | 4(1-707) | —0-787 | 
TOTAL 27-149 27-664 —0-515 








Check.—The total under Col 2 should agree with the grand total 
27-149, of Col 3 with 4 times Replication HI and their difference 
with —0°515 of Col 4. 


(d) Repeat the above procedure to get C-values for blocks in 
Replication IV as shown in Table 12.6.4 (d). 


(Check.—The total under Col 2 should agree with the grand total 


27-149, of Col 3 with 4 times Rep IV and their difference with — 1-807 
of Col 4), 


(e) Obtain the total of C-values for each replication. 


For Rep I _, This total R, = 2°401 

For RepII _.._‘ This total R, = — 0-079 
For Rep III 7 This total R, = — 0°515 
For Rep [V This total Ry = — 1°807. 


(Check.—The total of Ri, Ra: Rg and Ra should add to zero, except 
rounding of error. This check Ry + Re + Rs + Ra = Q ensures 
€ accuracy of the arithmetical computations ™ the previous steps), 


for 


3 OF FIELD EXPERIMENTS 
p ANALYSIS : 
DESIGN AND A* 


TABLE 12°6°4 (4) 
values for Rep LV 


Four times C-values 
(b 














Treatment 
Block No. over all Rep totals of Rep IV subtraction) 
mae ———— —$—_ 
TO ne emma au —- y) 3 4 
aa. ee 
ane cae 5-073 4 (1-436) —0-671 
(17) 4-935 4 (1-165) 0-275 
(18) 5-089 4 (1-312) —0-159 
(19) 6-032 4 (1-668) 0-640 
(20) 6:020 | 4 (1-658) —0-612 
TOTAL a 27:149 28 -956 —] 807 


ee ee ee ee eee 
(f) Finally, the adjusted Sums of Squares for Blocks is given by: 
2 aR | | 
SSQ, (adj)* = kr (r — 1)  K2 p (r — 1) 
r = number of replications 


k =number of treatments per 
block 


Gtt--:: ++ Cop? Ry? + <= 2 +R, 
= 5.4.3 25.4°3 
> (0-176)? + ... +(—0-612)? 
ae 60 
(2-401)? +... + (—1-807)? 
300 
= 0:223 — 0-031 = 0:192. , 
Step 6.—The Error Sum of Squares (SSQ,) due to uncontrolled 
factors is obtained by subtraction. 
SSQ, = SSQ, — SSQ, (unadj) — SSQ, (adj) — SSQ, 
= 1-:037 —0-552 — 0-192 — 0-023. 
= 0-270. 


° 


Step 7.—The various su ; ‘ous 
ms of squares ted in the previou 

steps q compute ] 

12°6.5. € neatly summarised in an ANOVA table as shown in Ta € 


Se 


* Unlike in the RCB 
fo squares uy: D-the Complete Block Design— la for block sum 
ares undergoes a change in the Case of fy ee ‘ 
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significance 
3, Tests of 
™ -eader 18 tamiliar from onan rp Uy lattice 
naw te Te AGW. doue net Der Seay ao 
analyses, Or tment differences, or age F-test we should calcula 
testing Wer - effects also. * mee is | e 
contains the block p uares adjusted for block etlects. The procedure 
sent sum OF $4 ‘nvolves additional computation, 


he treatin ‘ustments oe. 
for making _ such ding to compute the adjusted treatment sum 


H + is useful to ae f preliminary analysis by considering the 


of squares, 1" es 

Double Lattice oxampc wy RCBD design. If the F-test in this 
whole sulaaneai b e significant, there 1S no need to perform a more 
case turns out nt sum of squares, for, such a 


: . adjusted treatment obl" 
appro pe Pte enereases the level of significance and not decrease 


procedure normaly". ease and not decrease. If the F-value in 
it; that 1S, F-ratio will in t, then a more sensitive test wil] 


to be non-significan 
RCBD ti erforme d for adjusted treatment sum of squares. 


Preliminary RCBD analysis 1S presented in Step 8. 


g: Preliminary RCBD Analysis.—(@) Pool the two Sums of 
deat Bh (adj) and SSQ, to obtain a pooled sum of squares SSQ,, 
for a RCBD error term. Similarly pool the two degrees of freedom also 


5 ANOVA Table 12.6.5. 
SSQ, = SSQ, (adj) + SSQ, 
— 0-192 + 0:270 = 0-462 
Pooled d.f. = 16 + 56 = 72. 


- ” Set up now the ANOVA table for RCBD analysis as in Table 


TABLE 12.6.6. 


ANOVA table for RCBD analysis* 





Source df SS MSS F-ratio 
1 Replications 3 0-023 0-008 
2 Treatment (unadj) 24 0-552 0-023 3-84 


3 Pooled experimental error | 72 0-462 0-006 


LS fe PN esp eee 





tle ee ae ees es ne ey eee 
TOTAL 99 1-037 

SS ——_—___—_—l 

_ * For RCBD aS ieee ee 
ean, anal ig 

the replication as a whole is oveae gooey within each replication are ignored and 

sum of squares now becomes the as a single block so that the unadjusted treatment 
ee fae € familiar treatment sum of squares for a RCBD. 
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8 
--am the above F-valuc, we find that RCBD analysis 
| cant valuc for F ,, (Table value Foo, = 1-63) as cir lin 
318! ie case In a trial involving a large number of varietics, F tl 
be 2. there is no need for any further computation of adjusted t any 
cast sym of square for performing a more appropriate Ft st 
mer evel when the RCBD analysis turns out to be non-si ‘fc ae 
put appropriate F-test may be performed by computing ce nn : 
a squares for treatments, adjusted for block effects. The naa si 
oon g this is exactly the same procedure employed under Simple 
'd Triple Lattices situations. However the computational procedure 
i the present example is given in Step 11, though not required for 
the present data. 


12.6.4. Adjustment to Treatment Totals 


As has been pointed out several times in the earlier sections 
the treatment means (totals too) are entangled with block effects and 
need adjustments for the same. The procedure for effecting such 
adjustments are again exactly the same as the one employed in Simple 
and Triple Lattices. At the first instance, look for the block variations 
as indicated by E, in ANOVA Table 12.6.5. If E, is less than E,, 
then it merely means that there are no substantial effects due to varia- 
tions in the block fertility levels, in which case no more adjustments 
are necessary for treatment totals or treatment means. The ordinary 
treatment means obtained by dividing each total in Table 12.6.3 will 
then stand for the means of the treatments. If E, is larger than E,, 
as it is in this case, it is necessary to incorporate changes in treatment 


means by removing the block effects. The procedure for making such 
adjustments is given in Step 9. 


Step 9: Computation of Adjustments for’ Treatment Totals :— 


(a) Compute the weighting factor w for making adjustments to 
treatment totals. 


E,-E,  0°012—0-005 
PF oUK “Fa - Deus 





= 





(b) Multiply each of the C-values obtained in Step 5 by p» to get 
a correction factor for each block. 


For Rep I 
pC, = 0-007, pC, = 0-053, wCs = 0°065 
uC, =0:035, pC, = — 0:064 
For Rep IJ | 
wCe = — 0-027, pC, = 0-034; Ce = 0-032 


uCy = — 0-006, pCiyp = — 0°036 
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For Rep Il | 
uCn = — 0-031, #CGi2 = 0-007, pwCi = 0-015 
uCy4. — 0-021, uCis oo 0°032 

For Rep IV 
uCie = — 0-027, uC? = 0-011, LC, 8 = — 0-006 
uCy9 — oo 0-026, Coo = 0-025. 

(Check.—The total of all the 20 uC’s Should add to zero ee 


for rounding of error). 

(c) For adjustment to treatment total, first identify the blocks 
in which each treatment appears. Then apply the correction term 
for each treatment total in Table 12.6.3 by adding uC values of these 
blocks. 
Variety 1 appears in Block 1 of Rep I, Block 6 of Rep 


d Block 16 of Rep IV. Add the uC values 
ment total in Table 12.6.3 for 


Example: 
II, Block 11 of Rep II an 
Cy, Ce; Cy and uCy¢ to the treat 


variety I. 

| The adjusted total for variety 1 =1-438 + 0-007 — 0-027 — 0-031 
— 0:027 = 1-360. 

a Pe ais construct a table for adjusted treatment totals as in Table 


TABLE 12.6.7 


Adjusted treatment totals 


aE a 


a A 
a 
ee 
a RD 





Check.—The ° ‘ 
total in Table pea total in this table should agree with the grand 


Gl 
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rn The adjusted Treatment Means are obtained by bividing 7 
cac 


treatment total in the above table by 4 


The ereatment means (adjusted) are reported in ‘T ables 12.6.8 


TABLE 12.6.8 


Adjusted Treatment Means (kg/plot) 


A 


~——-=— + 













| 2 3 4 5 
90-3400 | 0:2577 | 0:2500 | 0-3298 | 09-3993 
wae: ; 8 9 | 49 
09-3397 | 0:3258 | 0:3203 | 0-2603 | 0-2988 
Th 12 13 4 =| 45 
09-3367 | 0:3114 | 0-2749 | 0-2961 | 0-3664 
16 17 18 19 =| 2 


0-2134 0-145] 0 +2058 0-1740 0-0783 


o~ — ne ees Ce S| CS | SS Ly 


! 21 " De 23 24 25 
| 0-2663 0 +2883 0-2628 0-2208 0°2513 


12.6.5. Standard Errors for Comparing any Pair of Treatment Means 


Sometimes it may be of importance to compare specific treatment 
means (adjusted) for the significance of their difference. For this we 
need Standard Error appropriate to the pairs of means depending upon 
whether they appear together in the same block or in different blocks. 


The appropriate Standard Error formulas for such differences are 
reported here. 


Step 10: (a) Standard Error for Comparing Means (adjusted) 
Appearing in the Same Block (SE,). 


SE, = q/7E + (r— Dw 
= gf 2 +3) = fa Ul + 3 0-039) 

= 4/0028 

— 00529 (for our example). 


Dif (b) Standard Error for Comparing Means (adjusted) Appearing in 
ferent Blocks (SE,). 


SE, = 4 /7E*(1 +- rp) 
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= 4/0:0029 
—0:0538 (for our example). 


(c) Average Standard Error for Comparing any pair of Means (S E,) 


SE /, ) rity _ \ 
SE. = af (+ FD 
E, 4kp \ a/ ee Se 
=afa'( teat ta Coe ncce cee 
4/0-002825 - 
— 0-0532 (for our example). 





is the SE that may be applied for ¢ test for com- 
pearing in the same block or not. This 


However, more appropriate 


The average SE,, 
paring any pair of means ap 
saves much labour in computation. 


ones are SE, and SE,. 


12.6.6., A More Appropriate F-test for Adjusted Treatment Means 


A more appropriate F-test for testing the significance of the dif- 
ferences among treatment means (adjusted) can be obtained by finding 
the adjusted sum of squares. for treatment effects, since the F-test in 
ANOVA Table 12.6.5 is not appropriate for unadjusted treatment 
sums of squares. However, as pointed -out earlier on page 380, _ this 
additional computation is necessary only when F-test in ANOVA 
Table 12.6.6 for RCBD analysis does not turn out to be significant. 
If that F-test turns out to be significant, the steps in this section may 
be generally ignored. Otherwise, a more appropriate F-test is per- 
formed by effecting adjustments to Treatment Sum of Squares (un- 
adjusted) for block effects. The steps involved are outlined below: 


Step 11: Computation of .adjusted Treatment Sum of Squares 
(SSQ, (adj)).—(a) Compute unadjusted Block Sum of Squares. Since 
we have already got values for B,, Bg, ..., Bog in Step 3 (a) for each 
re eeon, the unadjusted Block Sum of Squares is computed as 
ollows: ? 


For Rep I 





SSQ, (unadj) = = = 
, (£2547)? +... +(1°795)" (6187)? 
5 25. 
= 1-709 — 1-531 


= 0178. 
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For Rep UT 
SSQ, (unadj) = Bet + «+. + Bip? _ G,? 
k k2 
__ (1'696)" +... + (1660)? (6-807)? 
5 5" 
= 1-927 — 1-853 
= 0-074. 


For Rep Ill 


SSQ, (unadj) = Ba" rvs + Bis" G,? 





k ke 
— Com" + ... + (1-707)? _ (6-916)? 
5 25 
= 1-960 — 1-913 
= 0-047. 
“For Rep IV 
‘ j Bie +... + 8,7 G,? 
SSQ, (unad]) = ge oe ae 
(1436)? +... + (1 2658)89 - (F-239)2*-. 
5 25 
= 2°134 — 2-096 


= 0-038. 
Finally the required sum of squares is: 


SSQ, (unadj) = 0-178 -- 0-074 + 0-047°+ 0-038 
— 0-337. 


(b) Compute the following Correction Quantity ‘Q’ to be sub- 
tracted from the unadjusted Treatment Sum of , Squares: 


r : 
Gi hr 1) Bless SSQ, (unadj) 
— $SQ, (adi) | 


4 
=5(4—1) 0-03) [fg —j esos} 


x 0-337 — 0-192 | 
— 0-108. - | | 


25 
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. nails . 1 a, ) H € » OC 
The valuc of je 1s available in s/e/ 9 (a) and that for SSQ, (adj) in 


step 5 (C): 
(c) Finally subtract the quantity Q from the unadjusted Treatment 
Sum of Squares SSQ, (unadj) 0 obtain the adjusted Treatment Sum 


of Squares. (SSQ, (adj): 
SSQ, (adj) = SSQ: (unadj) — Q 
— 0552 — 0°108 
— 0444, 


(The value for SSQ; (unadj) is available in Step 4 (d)) 


the adjusted Treatment Sum of Squares 
for the significance of treatment effects 


able 12.6.9. 


Step 12.—After computing 
set up an ANOVA table to test 
(adjusted). This is shown in T 
Treatment Mean Sum of Squares is highly 
table value F = 1-71 for 24 and 56 df. 
suggesting that the treatment means (varieties) are significantly dif. 
ferent. The reader’s attention is drawn to compare this F-value with 
the F-value obtained under RCBD analysis in Step 8, which was also 


significant. This is because the efficiency of lattice design has increased 
much in removing substantial variations due to fertility differences 
between blocks. 


The Standard Errors for comparing means (adjusted) appeari 
pear 
in the same or different blocks, are the ones as are Cement te Step 


10. 
12.7. STATISTICAL ANALYSIS FOR REPETITION OF BASIC DESIGNS 


F-ratio for adjusted 
significant compared to the 


_ So far we have considered the statistical analysis o ions 
(simple, triple and quadruple) which are ctalad Bei pera a ‘it 
may be desirable, sometimes, to repeat the same basic design, say 
simple lattice twice, to increase the number of replications. In “such 
situations the statistical analysis will undergo some modifications 
kines os the computation of Block Sum of Squares adjusted 
once hen besid es When the basic design is repeated more than 
ete area 3 a are usual Component (bd) (see page 335) regarding 
block scar rr pam ne, Ss, we can get additional information regarding 
ponent (a). The Com, component is generally designated as Com- 
constitute the Block Sueor (a) and Component (6) will together 
Since the statistical a an of Squares adjusted for treatment effects. 
(Dotble);Triple an = ysis remains practically the same for Simple 
this type of repeated teat wes druple Lattices, various steps involved in 
Lattice design. gns will be exemplified for the case of a Simple 


12.7.1. Example: (Hypothetical data) 


__ In an experiment involvi ral : 
yields in kg/plot. were cation 9 varieties of paddy, the followine 


pa en Pi 
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Block 
(1) 
(3) 
(2) 

Block 
(6) 
(4) 
(5) 

Block 

0 
(9) 


(8) 
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~~ 
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TABLE 12.94. 


~ ptan and yield data 





























Rep | (X-group) 
| 3 2 
(4) (3) (3) 
9 g 7 
(7) (6) (11) 
5 4 ro, 
(9) (6) (8) 
pe see ee pense peer ease 
Rep il (Y-group) 
9 3 6 
z (3) (6) (12) 
4 “<4 
= (6) (8) (8) 
— : — 
(6) (4) (5) 
ee eee 
a 
( aac 
(5) _ (3) 
2 ae 
acs Wi ©) 
4 a 5 
(3) (7) (7) 
Rep IV (Y-group) 
8 5 
Sse (6) 
9 ‘_ ¢ . 
6 
ee ek (8) 
7 = 
1 
©) (7) (3) 
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” 1.—Arrange the blocks within ¢ 
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ach replication and the 


oo ‘thin cach block systematically ; , wy ; ; 
artes 37.2 (as (Ds (e) and (d),) On# WAN the Yields as in 
oe 
| TABLE 12.7.2 (a) 
Block Rep I (X-group) Block 
pancnecnsin ead OE 
(1) 2 10 
: (4) (3) (3) 
(2) 4 5 23 
(6) (9) (8) 
(3) 7 8 24 
(11) (6) (7) 





SOTAL K3pe= 357 
TABLE 12.7.2 (5) 








Block Rep Ill (X-group) Block 
ol gl ale 2 
ol, altel &|* 
oy | & | | 7 





ToTAL Gs 3! 
TABLE 12.7.2 (c) 





Block 
Block Rep I (Y-group) ner 
ot ee a lor ; 
| 22 
1 A f 
Ol; @® | © | ®_ 
ee ae g 1 
9) 5 
OM) } a) 6 ) © 
G saat 6 : 21 
»”) (6) (12) (3) 
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Block Rep IV (¥-group) seg 
(10) 15 
a) 21 
(12) _ : &) 7 | - 
pene eet 


ToTAL G4y= 55 


able showing the treatment (variety) totals over 


Step 2.—Set up at 
a ss hown in Table 12.7.3. 


all the four replications as § 


TABLE 12.7.3. 


Treatment Totals (unadj) 


Row total »C-values* 





ae 2 ee ee 1-37 
(18) (17) (18) 
5 6 88 1-22 
(22) (31) (35) | 
8 86 —2-74 
(34) (23) (29) : | 
— Col. total 74 71 82 227 (T) 
wC-values* 0 —0-15 0-30 | 


* See p. 398 Step 10(6) for later use. 
Example.—Variety 1: 18=4+8-+4 3 + 3 
ree SIP 3.—(a) Compute the Block totals B,, B,,... Big for all the 
Example.—B, = 4+3-+3 = 10. 


The Block totals are gi 
12.7.2 (2); (), (c) and Nae in the last columns of the Tables 


*: 
= 





woe 
< 


Pe ae a2 
OE a Seep EEE ee 
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icati 391 
Obtain the Replication total for e eat 
P block totals within the replication. ach replication by summing 
1 


ror Rep I: 


tl 


G, = B, + B, + By = 10 + 23 4 24 — 59 
ror Rep Il: 
For Rep Ill: 


G, = B, + Bs + B,= 12417428 =57 
For Rep IV: 


G, = By + By + By = 15421 +19 = 55. 
(c) Obtain the Grand Total 
T = G,+G,+G3+G, 
= 57 + 58 + 57 + 55 = 227 
Step 4.—Compute Total Sum of Squares (SSQ.), Replication Sum 


of Squares (SSQ,) and unadjusted Treatment Sum of Squares (SSQ, 
ynadj) in the usual manner. To find these Sums of Squares compute: 


(a) The Correction Factor CF: - 
T2 
Cr = TE 


(where, r = number of replications, k* = number of varieties.) 


rd 
~ ils 1431-36. 


(b) Total Sum of Squares (SSQ,): Square each of the 36 obser- 
vations and from their Sum substract the CF 


SSQ, = (42 + 32+... + 88+ 7%) — 1431-36 
— 1653-00 — 1431-36 = 221° 64. 


(c) The Replication Sum of Squares (SSQ,): 
SSQ, = Gy? + G,? + Gs* + Ga" _ cp 
r e 


Biss 58° + SET _ cr 


= 1431-89 — 1431-36 = 0°93 : 
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atment Sum of Squares (SS . 
(d) For unadjusted ie 44 divide by 4, and oe cre) 


392 
‘n Table 


square each value im 


their sum. 
18° -- eee -|- 29° CF 
ssQ, (unadj) = ——4 
es 153342) = 1431-36 
— 101°89. 


(The divisor 1n each is 4 since there are four observations for each 
treatment total). 


re suns of squares are all preliminary ones required 
for es et the ANOVA table. Before setting up the ANOVA 


3 f squares adjusted for treat- 

e. we need to compute the block sum 0 res ; ea 
aaa effects. As has been pointed out in the beginning of this section, 
the information about block variations or block effects can be obtained 
in two different-ways. One way—the ber ne emupioyes Pe the 
‘ous examples leads to one component o ock Sum of Squares 
ae 3 The other component which 


called Component (b), (see page 355). n 
arises only when the basic design 1s repeated more than once is called 
Component (a). Component (a) arises by taking the differences between 


the totals of two similar blocks (from different replications) contain- 
ing the same set of treatments. Consider, for instance, the block total 
B, = 10 for first block in Rep. I. This block total contains the block 
effect plus the effects of varieties 1, 2, 3, which have gone into this 
block. Similarly, consider the block total B, = 12 for Block 7, in 
Rep III. This block total also contains its block effect plus the effects 
of the same set of varieties 1, 2 and 3. Thus, the difference B, — B, 
— — 2 should now eliminate the treatment effects and contain when 
freed of replicate effects, information about only block effect. Squares 
of such differences would contribute to the estimate of block sums of 
squares in addition to the familiar Component (6). The new com- 
ponent is known as Component (a). The steps involved in the com- 
putation of Component (a) are given below: 


12.7.2. Computation of Block Sums of Squares (adjusted). 


Step 5.—Component (D) :—(a) Compute for each group of similar 
blocks (i.e., blocks in different replications containing the same set 
of treatments, an adjusted block total’ C as follows: 


(1) Col (2) in Tables 12.7.4 (a) and (0) give the treatment total 
over all replications, of those treatments that go into each block in 
Replications I and II 


(2) Col (3) in the sa a , 
totals of ee blocks. me table gives twice the sum of two block 


Examples.—B, and B, of Rep I and II respectively contain the 


Same set of treatments, viz., 1, 2 and 3 
OPI ee MZ. I, . Th +.B, = 
+ 12==22, Twice this valueis reported in Col (3). _ 


Se 
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+.qm cach of the totals in Col (2) . | Bi 
@) the ie Ae ee (4), ) subtract the values in Col i 


3), 4) Repeat this scparately for Y-groupings also, 


TABLE 12.7.4 Computation of C-Values for Component (b) 
TABLE 12.7.4 (a) 








X-Group 
| ‘Treatment Twice the | Cevalues 
Block totals block total (by 
over all Rep of Rep I plus subtraction) 
Rep iil | 
(1) | (2) | (3) (4) 
-@ | 2a | 2Gy 9 
(2) 88 2 (40) 8 
(3) 86 2 (52) —18 
“TOTAL. 227 228 oo 
TABLE 12.7.4 (b) 
Y-Groups 
i ‘Treatment Twice the C-values 
Block _ totals block total (by — 
over all Rep of Rep I plus subtraction) 
. Rep IV 
~} qd) (2) (3) (4) 
(4) 74 2 (37) 0 
(5) 71 2 (36) aa 
(6) 82 2 (40) +2 
Tora, | 227” 226 +1 


ee) a ena 
— pS Ss ES SS TT 


Check.—T] der Col (2 should agree with the grand total 
(227) - total of Col) i Table oe (a) with two times the han 
ae [+ Rep II) and their difference with —1 of Col (4). Similar 
“ecks should hold good in Table 12.7.4 (0). 
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(5) Obtain the total of C-values in Tables 12.7.4 (a) and (5), 


In Table 12.7.4 (a). this total Ri = — . 


4(6), this total Ry = +1. 


od 


In Table 12. 


ae tal of R, and Re should add to zero except for 
Check.—Thé fo This check R, + Re = O ensures the arithmetica 


rounding of error. 2 
gecuracy of the calculations in the previous steps. 


Here 
R,t+R=—1 an] =U. 
(c) The Component (b) for the adjusted Sum of Squares is given 


by 


Component (0) 
2: SR2 
~ kr(n — I) 2r(n — 1) 
_ OF £8) + (18)? +O? + (=D? + AY 
i 3 (4) CD 


_ Cp + GD? 
(9) (4) 1) 


474 2 _ 39.59 — 0-06 = 39-44. 


—eS aD 


= 12 36 


[k = number of treatments per block, r = number of replications 
and n — number of replications in a basic design. That is k = 3, 
r—4, n=2 (Simple Lattice)]. 


Step 6: Computation of Component (a).—As was pointed out 
earlier, in the case of repetition of a basic design, the additional 
information about the block variations, adjusted for treatment effects 
may be obtained. This is obtained by considering the differences bet- 
ween the totals of similar blocks (i.e., blocks containing the same set 
of varieties), since such differences will cance] out the varietal effect. 
The steps are-as follows for the case of p = 2 only. 


(a) Arrange the block totals of similar blocks in Rep I~ and 
Rep III and also in Rep II and Rep IV as in Tables 12.7.5 (a) and (8). 


Check.—The totals of Col 2 and Col 3 in Table 12.7.5 shoul 
agree respectively with the Replication totals G, and G; in ie 3 (0) 
and the similar checks should hold in Table 12.7.5 (d), | 
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TABLE 12.7.5 (a) 
X-Groupings 
- Block total of nr 
Block —— ea 
Rep I Rep Il 
(1) (2) (3) (4) 
(3) 24 28 = 
TOTAL 57° ( TCOdT:Cti‘Cd 
TABLE 12.7.5 (dD) 
Y-Groupings 
Block total of Dif. 
Block —_________—-—|_ ference 
Rep Il Rep 1V 7 
(1) (2) (3) (4) 
(4) 22 i | 7 
(5) — 15 21. —6 | 
(6) 7 aon 19 . % 
TOTAL _ 58 55 +3 | 
(b) Sum of Squares due to Component (@) is then given by: 
Component (a)* 
(— 224 (402+ (— 42 t4DMte OF + 2 
- 7% 3=— 6 
08 + 3 
2 xX (3)° 


= 24-16-0-50 = 23-66. 


epee 


3 *The divisors in this step for a general case are 2k aod Jie, in sie Osan 
the divisor 2 x 3 = 6 is due t0 2, repetitions and 3 treatments per block. 


Hel 
Vi 


ysIS OF FIELD EXPERIMENTS 


eof Squares SSQ, (adj) adjusted for tre 
5 Ren <9 = pith ft Component (a) and Component afien 


--Component (6), 
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effect is given by the 
ssQ, (adi) = Component (a) 
-- 23°66 + 39: 44, 


= 63° 10. 


Step 7—The Error sum of Squares (SSQ,) is obtained by sup. 


traction. 


— SSQ, (unadj) — SSQ, (adj) 


ssQ, = SSQ,; — SSQz 

— 22164 — 0°53 — 101°89 — 63:10 = 56:12. 
Step 8.—Finally set up the ANOVA table as in Table 12.7.6. 
nted out in the earlier sections for lattice 


e.-As pol 
le does not provide a valid F-test for 


Test of significanc 


designs, the above ANOVA tab 
testing the significance of treatment differences, adjusted for blocks 
F-test we should determine treatment 


ects. Before applying an Tm 
men — squares aren for block effects. Since this involves addi- 
tional computation, a preliminary RCBD analysis may be resorted to, 
as in the case of simple lattice design on page 339. If RCBD analysis 
reveals a significant F, there is no need for further computation for 
adjusted treatment sum of squares adjusted for block effects. 


RCBD Analysis.—The Experimental Error 
CBD analysis is obtained by Pooling 
SSQ, and SSQ, (adj) in ANOVA 


Step 9: Preliminary 
Sum of Squares (SSQ,’) for R 
the two error sum of squares, Viz.» 
Table 12.7.6. That is, 


SSQ, = SSQ, + SSQ, (adj) = 56°12 + 63° 10. = 119-22. 
Pooled df = df for SSQ, + df for SSQ, (adj) = 16 + 8 = 24. 


TABLE 12.7.7 


ANOVA table for RCBD analysis 














Source | df Ss MSS F-ratio | F-05 
Replication A A 9 Bel Haye. ror e 
Treatments (unadj) 8 101-89 12-74 2-56 2°36 





Error | 94 119-22 4-97 


SS GE CS (ES SE 


toes ff eames, 
EE Pes 
ery | ey 
SS SS Eg FE rs NS —— eee 


TOTAL 35 221-64 


ee eS Se 
— ee ee 

Sp 

SS , eS Pe 





gp 


EY ry eg —_—— 





—_———" 





Sin Sa 
the relimings “tc P-value is greater than the F-value at 5% level, 
Y NBD analysis itself reveals that the treatment 


ch 
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= conificant at 5% level. Sj 
. statistical significant at 2% Ievel. Since th | 
one BD ails bas shown a significant difference, ihe reli. 
CBD ana additional computation. for ay Fld 


inary R Edom 
he “4 necd for performing = 
for adjusted meen cape ool 
| ¢ - the sake of exem. 
However fot the sake Of OX” 
the steps involved in such a compu 


squares, adjusted for block a 
ying the procedure for the = 
tation are given in Step 42 a 


Cts, 
Me, 


12.7.1. Adjustments for Treatment Totals 
aiaaie E, is greater than E, in ANOVA 
Vhenever the estimate E, 18 real” ot c , Table 
12 Rpg treatment totals are to be adjusted for block effects and 
no such adjustments are generally necessary when E, 18 less than E,. 
The block effects can be eliminated as follows: 
¢ sorrection term’ for each block 
Step 10.—(a) Compute the correc 3 ck by 
multiplying each C-value by a quantity » given by: 


= p (Ey — Ee) et 
M=Fir—p)B +(p— DE} 
2 (7-90 — 3-50) ern 


= 344 — 2 (7-90) — (2 — 1) (3-50)} 


For X-groupings, these values are. 
152 x 9 = 1-368 = 1°37 (appx.) for blocks (1) and 


pC, = 0° 
. (7) 
pC, == 0«<152 8 = 1-216 = 1°22 (appx.) for blocks (2) and 
uC, = 0:152 x — 18 = — 2-736 = — 2:74 (appx.) for blocks 
(3) and (9). : | 


For Y-groupings, these values are: 
pC, = 0-152 x 0=0 for blocks (4) and (10) 


pC, = 0-152 x (—1) = — 0-152 = — 0-15 (appx.) for blooks 
(5) and (li), : 


Cy = 07152 x 2 = 0-304 = 0:30 (appx) for blocks (6) and 


_ Check.—The total of all wC’s should add to zero except for round- 
ing of error. i 3 
That is: 
8 : : : BEY --. tPC, = 0 | 
ao = 1:37 + 1:22 — 2-744 0 —0-15 + 0°30 
s = 0-00. 
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Enter the uC values for X 399 
) , alues 1or A-groupings ¢ 

me HC values for Y-groupings along age lps he last-col. and 
rreatment totals (unadjusted). This way able 12.7.3 for 


: Of writ) ne ee 
rection to be effected to treatment totals foe tle Rae aore the cor- 


Fach treatment total in Table 12.7.3 is now adjusted for block 
oc 


ects by applying the block corrections > 
4 which that treatment appears. appropriate to the blocks 


Example.—Varicty 4 appears in Block ae 
J and Ill and Blocks (4) and (10) in R seth and (8) of Replications 


| Il and JV. ant 
ment is effected by adding the wC values wC, and pC, for the a 


total 22 in Table 12.7.4. 


Thus the adjusted treatment total for variety 4 = 22 + 1-22—0-00 
as: == 23°22, 

_ Note.—Since the block corrections are already entered along the 

rows and columns in Table 12.7.3 the adjusted treatment totals are 


easily obtained by adding to the treatment total the respective »C-values 
of the col. and row in which that total appears. 


_(c) Finally construct a table showing the adjusted treatment totals, 
adjusted for block effects (Table Loe) «6 


TABLE 12.7.8 


Adjusted Treatment Totals 


ee, DS 





ps ee | ee 





1 2 3 
19-37 | 18°22 19-67 


eS 


4 5 6 
23 De 32°06 | 36°52 © 


ee SS — 





x 8 9 
31-26 20°11 26°57 


TG es SS a 


GRAND TOTAL = 227-00 


Check.—The grand total in this table should agree with the grand 
total in Table 12.7.4 for unadjusted treatment total except for round- 
mg of error. 


(da) Obtain the adjusted treatmert means by dividing each value 
In the above table by 4 (Table 12.7.9), which 1s the number of replica- 
tlons for each treatment in our example. 7 





——— - 
yay mer Tne alien ent ieterants apeehin eal a 


ee 
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TABLE 12.7.9 


Adjusted treatment means 
2 3 
4-84 4-56 4:92 


a ND 


a 


a 5 6 
5°81 8-02 9-13 


7 
7°82 5-03 6:64 


a 








eS 


12.7.2. Standard Errors for Difference Between Two Means 


cases, appropriate Standard Error formulas for 


As in the previous 
f means by means of t-tests are given by 


comparing different pairs O 
the following. 
Step 11.—The Standard Error Formulas are: 


(a) For means occurring in the same Block 
SE, = af [1 + (2 — 1) 4] 
2 (3:50 
(b) For means appearing in different Blocks: 


SE,, = f= (1 +. ns) 


I 





- af 2S a + (2) (0-152)} = 1°51. 
(c) Average resected Error for Comparing any two means (approx): 
SE = al FU + ep} | 
=/25) {1 4 2) OICRED) 


= 1:47. 





12.7.3. F ignifice 
3. F-test of Significance for Adjusted Treatment Means 


As 1 ' 
out to be non aia designs, if preliminary RCBD in Step-9 turns 
, 4 more appropriate F-test for treatment mea” 
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cnt be necessary by computing tre 
mus 


for block effects. The computation 
- * 
follows. 


atment sum of squares adj 
usted 
Procedure for the Ne a 


Step 12.—(a) Compute the Block Sum’ of Squares unadjusted for 
treatment effects. Since we have already calculated the values B,, B, 
~_, Big, the unadjusted Block Sum of Squares (SSQ, (unadj)) is given 
by: 


For X-groupingst : 


@B, + B® +B. + BY? + (B, +BY? 


_ (G, + G,)? 
pk : a male 


pk? 
(p = number of times the basic design is repeated.) 
_ (10 + 12)? + (23 + 17)? + (24 + 28)2 
ze 4 Gy 
(57 + 6798 
(2) (9) 
= 798 — 722 = 76-00. 


For Y-groupings: 


(By + Bio)?! + (Bs + Bu)? + (Be + Bi)? | (Gp + Gi)? 


pk | pk? 
(22 + 15)? + (15 + 21)? + (21419)? (58 + 55)? 
7 = HEB  €2)60) 


= 710-83 — 709-39 = 1-44. 
SSQ,, (unadj) = 76:00 + 1-44 = 77-44. 


s es e ‘ ] 

(b) Compute the following correction quantity Q to be subtractec 

from ‘the. unadjusted treatment Sum of Squares SSQ, (wnadj) in Step 
4(d). : , , 


Q=k(n—1)p FOESETIESE TS SSQ, Ana} — Comp (6) 


2 . os na 
= (3) (1) (0-152) OTETOLORED (77-44) — (39 44) 
= 30-52. 


an 


* For the present example, this is not necessary, since preliminary RCBD 
analysis has shown a significant F-value. 
+ Blocks totals of similar blocks (i.e., blocks contaming the same varieties) are 


26 


same is as 
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40 3 


(c) Then subtract the qu 
SSQ, (adj) = SSQ, (nad) Q, 
— 10°89 — 30°52 = 71 cle 


antity Q.from SSQ, (unadj) to get SSQ, (adj) 


(d) Finally set up ANOVA tuble for testing adjusted treatment 
means as follows: 


TABLE 12.7. 10 
ANOVA Table for Testing Variety Means (adj) 








| 


; 
‘ 


$e — 
—aE nae 








Source df SS MSS F-ratio F-0-05 | 
——————|- 17> 1 gon | 255 | 2- 
1 Tari 8 TL 37 7. oe 2-55 2-59 for | 
: " — : : | 8 and 16 df 
2. Intra-block 16 56°12:.4 3-50 | 

Error E, } i be awl | 


- ; | 
| { 
| : ! 
‘ . 
. 4 : r 


The results are not significant at 3% level. Compare this with 
preliminary RCBD in Step 9*. A ee 


(e) The Standard Error Formulas all remain the Same. 


12.7.4, For other repeated designs, the method of analysis is 
practically the same and may be performed without much difficulty. 
However formulas concerning component — oR erg 
modifications, for which the interested reader may . ( 
by Cochran?®, 





x eo ., : , oe “ 
- ‘cee reversal is uncommon due to heavy reduction in the error df from 24 
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FOREWORD 


The rapid growth of scientific agriculture owes in no small measure 
to the application of modern statistical methods in agricultural research. 
Sound and valid conclusions qspecially in biological experiments are 
possible only when they are based’ on sound Statistical methods. 


With the advent of the University of Agricultural Sciences, con- 
siderable volume of research particularly in field experimentation in 
Agricultural Research Stations has been in progress. It is necessary 
for our research workers to think in terms of planning and conduct 
their field experiments to collect reliable information on accepted 
scientific principles. The research workers engaged in field experi- 
ments often experience great difficulty in planning such experiments 
and: analyzing their own data by using modern statistice] concepts. 
The present book expounds the sound principles of experimental designs 
in a non-mathematical language with extensive illustrative examples 
of step-wise analysis for each design. J am glad the authors have drawn 
material for their illustrations from research data collected by our 
research workers at various Agricultural Research Stations in the 
State. 


I fervently hope this book will amply fill the longfelt need for a 
suitable publication exposing in lucid terms the statistical methods m 
designing and analyzing field experiments. 


The authors Dr. N. Sundararaj, Associate Professor of Statistics 
in the University, Mr. S. Nagaraju, former Assistant Statistician 
in the University and presently working as Statistician in the Indian 
Plywood Research Institute, Bangalore, and Messrs. M. N. Venkata 
Ramu and M. K.. Jagannath, Assistant Statisticians deserve to be 
congratulated for bringing out such a valuable publication for the 
benefit of research workers in the University and elsewhere. The 
efforts of Prof. B. V. Venkata Rao, Editor of University Publica- 
tions in promoting this venture are commendable. 


N. P. PATIL 


Director of Research 
University of Agricultural Sctences 
Bangalore 
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PREFACT: 


This book is a humble addition to many excellent books already 
available on design of experiments. However, the present book differs 


- from others in certain respects. 


We have addressed this book primarily to the students and research 
workers from diversified segments of agricultural sciences and with no 


adequate background in mathematics, but whose main interest is to 


learn and acquire a working knowledge about the fundamentals of 


_ experimental designs in a manner which appeals to their intuition and 
--eommonsense. Although we hold the view that statistical concepts 


can be communicated in this manner, the size of the book is a great 


limiting factor in sparing adequate space and attention to all the con- 


cepts in accomplishing this objective. The present book thus endeavours 


40 expound the essentials of the mathematical logic underlying different 


‘of designs in a non-mathematica] language. For instance, in 
preference to the usual rigorous mathematical approach, we prefer to 
employ a heuristic approach in the presentation of linear models while — 
exposing the reader to different statistical bases of analyses for different 
designs. oe piace as To | ve 

Motivation is a great requisite force in learning. In order ‘to 
help promote this althrough the book, we have drawn ‘practically 
every illustrative example from the experiments actually conducted in 
various Research Stations presently under the University of Agricultural 
Sciences, Bangalore. The authors would like to record their grateful 
appreciation of the.concerned authorities of the University, and also 
of the Bureau of Economics & Statistics, Govt. of Mysore in making 
available to them the necessary material for this purpose. 


Although the present one is a book primarily on, the design of 
experiments, three chapters—Chapter | on some basic concepts of 
statistics, Chapter 2 on elements of tests of significance and Chapter 
3.on Analysis of Variance—have been included merely to facilitate 
the reader to acquire a working knowledge about the statistical methods 
necessary for understanding the remaining part of the book. The 
reader is however advised to supplement this by reading other books 
dealing with these methods. Chapters 5, 6 and 7 lay bare the three 
designs of fundamental importance, viz., Completely Randomized — 
Design, Randomized Complete Block Design and Latin Square Design, 
respectively. The concept of confounding in experimental designs 
and the need for the same are presented in Chapter 9, followed by con- 


founding in more complex designs in subsequent chapters. The lattice 


designs are discussed in Chapter 12. 


In the presentation of the step-wise analysis for each design certain 
steps in the analysis are common to all the designs. Nonetheless. 
even at the risk of repetition, the details of such steps are given in all 


the illustrative examples and we believe this prevents not only any possible 


vi 


ce in referring back and forth for required details by 
ee mae aaah analysis complete in itself. Further, We hot 
that the reader this way will Joarn the general and the specifics of ae 
ferent designs. | if 
We are grateful to the authorities of the University of Agricy 

Sciences, Bananlore. for getting this published by the Universit Mal 
for the encouragement and the facilities extended to us during the ote 
paration of this book; and in particular to the Director of Reses,” 
Dr. N. P. Patil at whose suggestion an earlier Manual prepared by ic 
authors for the 1967—Summer Training Course on “ Statistical Meth 4. 
and Design of Field Experiments” organized by the Directorate 5, 
Research of the University, was thoroughly revised both in its co, 
and volume to the present form of a book. We also record our 9, 
ful appreciation to several of our colleagues for their valuable SUpp¢. 
tions contributing to the improvement in the presentation of the materi.) 
of this book. ee a Nie oe -_ es tS pad 

_ We would like to thank Prof. B..V. Venkata Rao, Editor anj 
Secretary of the Publications Council.of the University for his hel 
during the course of the Publication of this book; and to the Bangaloy, 
Press for their excellent job in printing the material of this book. 


~~ - We are also indebted to: the numerous-Publishers of books and 
journals for generously permitting us to reproduce the statistical table 
and other. useful materials...The sense of gratitude would be incon- 
plete without acknowledging the enthusiasm of Messrs. H. L. K. 
Narayana Swamy, Venkatesh Murthy and G. V. R. Sharma in typing 
the manuscript material of this book. Sie | 


The book in no sense is exhaustive and complete by. itself. Further, 
we would welcome if the readers send their comments and suggestions 
to the authors for the improvement of the book. 


University of Agricultural Sciences, - N, SUNDARARAJ 


‘Bangalore 7 §, NAGARATU 


November 1, 1972 — | | OM. N. VENKATA RAMU 
: : M. K. JAGANNATH. - 
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APPENDIX A 
Areas under the Standard Normal Curve from 0 to z 
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APPENDIX A—(Contd.) 
Areas under the Standard Normal Curve from 0) to 
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Source: Reproduced from Mode, E. B., Elements of Statistics. Second Ed. 
Englewood Cliffs, N. J.: Prentice-Hall, Inc., 1958, with kind permission, 
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APPENDIX B 
Values of t for Two-tailed and One-tailed Probability Jevels 








_ Two-tailed Probability Levels 


407 


0:10 0°05 0-02 0-0f 
6:314 12-706 | ‘ee | ae 
2 2°920 4-303 6965 Res 
3 2-353 3-182 4-54] 5-841 
4 2: 132 2:776 3-747 4-604 

2-015 2:57] 3-365 | 4-032 
6 1-943 2°447 3- 
: 1-895 9.365 —t 3oe 
8 1-860 2,:306 2-896 3-355 
9 1-833 2-262 2-821 -2.50 
10 1-812 2-228 2-764 3-169 
1] 1-796 — 2-201 2-718 3-106 
12 1-782 2-179 2-681 | 3-055 
13 1-771 2-160 2-650 ——-3-012 
14 1-761 2-145 2-624 | 2-977 
15 1-753 4-131 2-602 | 3-947 
16 1-746 2-120 2:583 | 2-921 
17 1-740 2-110 2-567 2-898 
18 1-734 2-101 4-552 2-878 
19 1-729 2-093 2-539 4-861 
20 -1°725 2086 2-528 2-845 
21 1-721 2-080: 2518 2-831 
22 1-717 2-074 2-508 2-819 
23 1-714 2-069 2-500 2-807 
4 1-711 2-064 2-492 2-797 
25 1-708 2-060 2-485 2-787 
26 1-706 2-056 2479 2-779 
27 1-703 2-052 2-473 2:771 
28 1-701 2-048 . 2-467 2-763 
29 1-699 2-045 2-462 2-756 
30 1 +697 2-042 2-457 2-750 
40 1+684 2021 2 +423 2-704 
60 --1°671 2-000 2-390 2-660 
120 1°658 1°980 2-358 2-617 
CO 1-645 1960 2:326 2-576 
Lf 0-05 0-025 0-010 — 


~~ 


One-tailed Probability Levels 


- eeepewrers 











wctsrsnreesansonetmesnnamsmirenns emp pet aE C SCIELO OD. OTN 

Source: Repraduced from Steel, R.G.D. and Torrie, J. H., Principles and 
Procedures of Statistics, McGraw-Hill Book Corp., Inc., New York, 198 with 
kind permission. 
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APPENDIX C 
Values of F (Variance Ratio) 1 per cent points 





























Na 1 2 |? 3 4 5 6 g ~ 
1 “ : ) . 
Ns \ he 24 oe) 
\ I 
1 4052 5000| 5403] 5625] 5764] 5859|- 5982] 6106 wos) 63 
2 | 98-80 | 99-00] 99-17] 99-25 | 99+ 30 | 99-33 | 99-37] 99-429] 9-45 | gg: 36 
3: 34°12 | 30-82] 29°46 | 28°71 | 28-24 | 27-91 | 27-49 | 27-052 4 | 26-13 
4  |21-20/18-00] 16-69] 15-98 | 15°52] 15-21] 14-80] 14-37] | 13-46 ’ 
5 16°26 | 13:27] 12°06] 11-39 | 10°:97/10°67|10-29| 9-89 5:47 9-99 
6  |13-75]10-92| 9-78) 9-15! 8-75] 8:47| 8-10] 7-72 | 7-31) “6-g9 
7  {|12°25| 9-55] 8-45] 7°85| 7:46] 7-19] 6-84] 6-47 jor 5°65 
8 111-26] 8:65] 7:59] 7-01] 6:63] 6-37] 6-03] 5-67 | 5-28) 4-96 
9 116-56] 8-02] 6-99] 6:42) 6-06) 5-80| 5-47| 5-11 | 4-731 4-3] 
10 [10-04] 7-56) 6-55| 5:99) 5-64] 5-39] 5-06] 4-71 | 4-33) 3.94 
: | | 
1] 9-65| 7-21} 6-22] 5:67| 5-32] 5-07) 4-74] 4-40 | 4-02 3-60 
12 9:33| 6-93| 5:95] 5-41] 5-06) 4:82] 4-50] 4-16 | 3-78 | 3-36 
13 9-07| 6-70| 5-74| 3-21] 4-86] 4-62] 4-30] 3-96 | 3-59) 3-17 
14 | 8-86] 6-51| 5:56] 5-04) 4-69] 4-46] 4-14] 3-80 | 3-43) 3-00 
15 8-68 | 6-36| 5-42| 4-89] 4-56] 4-32] 4-00] 3-67 | 3-29) 2-87 
16 8-53] 6-23} 5-29] 4:77| 4:44] 4-20] 3-89] 3-55 | 3-18) 2-75 
17 8-40} 6-11| 5°18] 4:67| 4:34] 4:10] 3°79]. 3-46 | 3-08 | 2-65 
18 8-29| 6:01} 5-09| 4°58} 4-25] 4-01] 3-71] 3-37 | 3-00) 2-57 
19 8-18| 5-93| 5-01) 4-50] 4-17] 3-94] 3-63] 3-30 | 2-92] 2-49 
20 8-10) 5°85] 4:94] 4:43) 4:10] 3-87] 3-56] 3-23 | 2-86] 2-42 
21 8-02| 5-78] 4:87] 4:37) 4:04] 3-81] 3:51] 3-17 | 2:80] 2-36 
22 7-95| 5-72| 4-82] 4-31] 3-99] 3-76] 3-45] 3-12 | 2-75) 2:31 
23 7-88! 5-66| 4°76) 4:26] 3:94] 3-71| 3-41| 3-07 | 2-70| 2-26 
24 7-82| 5-61; 4:72| 4:22] 3-90| 3-67] 3:36] 3-03 | 2-66] 2-21 
25 7-71| 5-57| 4-68) 4:18] 3:85] 3-63] 3-32] 2:99 | 2:62] 2-17 
26 7°72| 5°53| 4-64] 4-14] 3-82] 3-59] 3-29] 2-96 | 2:58} 2:13 
27 7:68| 5°49! 4-60| 4-11] 3-78] 3:56] 3-26] 2:93 | 2-55 | 2:10 
28 7:64] 5°45| 4-57| 4:07| 3-75) 3:53] 3*23) 2:90 | 2:52] 2-06 
29 7-60| 5°42! 4°54] 4-04] 3-73] 3-50| 3°20] 2:87 | 2-49] 2:03 
30 7:56| 5:39| 4°51] 4-02] 3:70| 3-47] 3:17] 2°84 | 2:47!) 2-01 
40 7°31) 5°18] 4-31] 3-83| 3°51] 3-29] 2:99] 2:66 | 2-29} 1-80 
60 7-08] 4-98] 4-13| 3-65] 3-34] 3-12] 2:82] 2-50 | 2-12| 1:60 
120 | 6:85} 4-79} 3-95| 3-48] 3-17] 2-96] 2:66] 2:34 | 1:95 a 
ore 6-63| 4-61| 3-78| 3-32] 3-02] 2-80] 2-51] 2-18 | 1-79} 1° 





J. H., Principles qna 


R. G. D. and Torrie, 1960, witb 


Inc., New York, 


Source:, Reproduced from 


Procedures of Statistics, McGraw-Hill Book. Corp., 
kind permission. 
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10 4-96 4:26] 3-86) 3-63 3.48 3+58) 3+44| 3-28) 3-12 2-53 
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3 ae 3-63] 3-24) 3-01] 2°85 29; 2-07 
18 a eee a oan) es ae 2-42) 2°24 2-01 
! . 2: -38|/ 2-1 . 
20 | He: 3-52) 3°13 Be ge oe 9°51| 2°34 ae ees 
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| ae! 
J 64780799 - 50|864; 20/899 + 60/921 -80/937-10 956 0976-70 997+ 20}1018 -00 
2 38-51] 39-00) 39-17) 39-25] 39:30) 39°33) 39°37) 39°41) 39-46) 39-56 
3 17°44| 16-04| 15°44) 15-10] 14-88] 14°73) 14-°54| 14°34) 14-12} 13-99 
4 12°22] 10-65} 9-98! 9-60) 9°36] 9-20 8-98) 8°75) 8-51) 8-26 
5 10:01] 8-43) 7-76} 7°39) 7°15 -98) 6°7 
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6 6; 6°52} 6-28] 6-02 
8°81| 7°26] 6:60) 6-23) 5:99] 5:82} 5-60| 5*37) 5-12} 4-85 
8:07] 6°54] 5+89| 5-52] 5°29) 5:12) 4-90] 4-67] 4-42] 4+14 
7°57} 6°06} 5°42} 5-05| 4°82} 4:65) 4-43] 4-20, 3-95} 3-67 
9 7:21] 5°71] 5:08] 4°72] 4°48] 4-32) 4-10] 3-87) 3-61{ 3-33 
10 6-94) 5-46} 4-83) 4-47) 4-24 4-07, 3-85) 3-62, 3-37! 3-08 
| | a 
41} 6-721 5-26} 4:63; 4-28] 4-04) 3-88] 3-66] 3-43] 3-17} 2-88 
12 {| 6°55) 5-10) 4-47) 4-12] 3-89; 3-73} 3-51] 3-28) 3-02) 2-72 
13 6°41] 4-97] 4-35] 4-00] 3-77! 3-60] 3-39] 3-15; 2-89; 2-60 
14 6-30} 4-86) 4-24) 3-89) 3-66] 3-50) 3-29} 3-05) 2-79) 2-49 
15 | 6-20) 4-77; 4-15, 3-80) 3-58) 3-41} 3-20 a 2:70; 2-40 
16 | 6°12) -4-69| 4-08) 3-73) 3-50! 3-34) 3-12] 2-89 2-63! 2-32 
17 | 6-04! 4-62] 4-01; 3-66) 3-44] 3-28]. 3-06) 2-82) 2-56) 2-25 
18 5-98; 4-56} 3-95] 3-61] 3-38] 3-22) 3-01] 2-77] 2°50| 2-19 
19 5-92} 4-51| 3:90} 3-56] 3-33) 3-17! 2-96] 2-72) 2-45] 2-13 
20 5+87| 4-46] 3-86] 3-51 es 3-13 2°91 2°68} 2-41! 2-09 
21 | 5°83; 4-42) 3-82) 3-48) 3-25, 3-09, 2-87) 2-64) 2-37] 2-04 
22 | 5°79; 4-38) 3-78 3-44) 3-22; 3-05) 2°84: 2-60! 2-33! 2-00 
23. | 5:75} 4:35} 3°75; 3-41] 3-18) 3-02) 2-81] 2-57/ 2-30) 1:97 
24 | 5:72) 4-32} 3-72) 3-38! 3-15} 2-99) 2-78] 2-54 2-27] 1-94 
25 | 5:69, 4:29) 3-69, 3-35] 3-13] 2-97) 2°75 ce 2:24; 1-91 
26 | 5-66) 4+27 3-67 3-33) 3-10) 2:94} 2:73) 2°49! 2-22] 1:88 
27} 5°63) 4-24; 3-65! 3-31) 3-08; 2:92) 2-71) 2-47) 2-19] 1-85 
28 = 5°61) 4-22) 3-63, 3-29) 3-06| 2-90) 2-69]. 2-45 a 17 1:83 
29} 5-59] 4°20; 3-61! 3-27| 3-04) 2-88} 2-67] 2:43, 2-15) 1°81 
30 BS) 418) 3-59) 3-25) 3-03] 2-87) 2-65 2-41) 2:14) 1-79 
40 | 35°42; 4-05; 3-46; 3-13) 2-90] 2:74] 2-53] 2-201 2-01] 1:64 \ 
| 5°29) 3-93) 3-34! 3-01) 2-79) 2-63] 2-41] 2+17| 1-88] 1°48 
120 5+15| 380) 323) 2-89) 2-67] 2-52) 2-30] 2-05! 1-76] 1°31 
CO 5-02! 369) 3°12} 2°79) 2*57) 2-41] 2°19] 1-94) 1-64] 1-00 
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1 “0002 
2 0201 
3 | "115 
= | -297 | 
> °554 
6 | *872 
7 1-239 
8 | 1-646 
9 | 2-088 
10 | 2-558 
11 3-053 
12 3-571 
13 4-107 
14 4-660 
15 5-229 
16 5-812 
17 6-408 
18 | 7-015 
19 7-633 
20 3-260 
21 8-897 
22 | 9-542 
23 +=+|10-20 

24 110-86 
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28 (13°57 

29 (14°26 

30 (14-95 
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Elements of Statistics, Second Ed. 
Hall, Inc. ., 1958, with kind permission, 





DESIGN? 

AND AN 

— N , 

ALYSIS OF FIEl 
IELD EX] 
EXPERI 
XPERIMN1 
TS 














APPE 
tNDIX 
EK (TuKkesy’s T 
EST) 


Upper 
5% Percenta 
ge Poin 
t 
s, q, in the S 
tuden 
tized 
Ran 
pe 
























































™ 7) 
3 ered 
—_—_— ° =° ; 
8sn* * see Se 
t~ rt © eisiniote 
=a ond : — : 
e . — ol NAN — mee | ia 
= 4 wae 
‘ESES accoe Jee — 
= ve . wy) e ro 
2 re ny Sica — MIN aha 
2 BSRS SF \o Lobo Ha we vm 
6010 © 5 OesSrn i | ne = 
es ont s rh 00 AASSH _ ai 
anes co xt annrerers 1A xt & Pines 135 
|B paeer nae : 7 2 
7 ae RSS ASRS DIN Wt OMA “tr 
ae ste abhi bane tne 
pts |] ate me ~o S nn Aachen a : it 
ONE ~~ ‘ \o AIA AY ; z 
ll Saas ay 000 ASAE S50 Se : 
Inn © 00 Beg tone ~ min bheie es ” : * 
st © me gia = eg 
Beara Sx Bay BR = 
Er 3008 - Yama) SABss § Ww 
ica! © co mann ror zi SRS = 7 tt 
: : | z a In 3 S © 
ala ee SARRS § aos tf 
AN =) OX ‘ 00 : : . 
= _ Sieh es woo ROE Sis = = 
| = = ABE SY ATH ne tor 
= OOK : zat 
i — AND wWoN SRS Vatel’a) Soba 
| ae = cerarerans COW Parerecs edhe 
© so . athe Wray bebo = : 
_| 2 a Ceo de ~ oa) foena < on 
: 3 et Za — ain a xf < 
3 Ze = Dan wt Ore ried a v 
= a ; 8 - = ; WL e eae PS Qo 
ony + ow — aa : : 
earns on a S3EAL § tects anes | 
cr) = es CO oO LV a) 2 e . = ‘ 3 : 
= Sats = kad nictde: = = : 
ra) real iS iryin v aa a 2 : 
ae a Sees Yonlatla Soc & 
Dacor ONS ee eee 20 9 D aoe st | 
oe ral oe: Ae “ 3 
=GSS anya AMI OR a Hes : 
: : = veer oO ey + ! + \O We _ 
a ail pre ano $< ween 2 
= ‘= eos aes t ree. e ™ aE : 
7 . | s e 
BSE milan SRE EERCE phe 38 : 
One . Se ir, al : : : = 
3 | a e e 7 
ee ede Sm Sh hh OV \0 ~ tees es 
i =r : nee AAAS S <P st ot eee a 
\ | 5s e 00 <f ° e = t 7 
MA w.w CIS com ee mon ate oy : 
Lo reed Se Wy \O Cc = : : : 
” hens Soe wane t+ ly Sak — a 
ro. coe ikeeokce fora) st xt >SSSR se a | 
a ae GaGa Nolan) oe ar) = 
$853 ; CaN r~ ncn SBS S 
RUeeees ~ : 
at ef - WA; |= ‘ Mm eC ® ie) 
: 3 i : om ee Si nee os 
CT er er 1 1 00 0 er mr y y id eo | 
fon ° So i mn ne : fe 
cn er co S Se : , : 
2 eens SOA a —_ a 
an. es RNR = 
“ acacia REN ze 
_ mene | Skas 
NAN : 2 
aad nae 
N E 
PY 





x 
Le | 
~*) 
wt 
NOE 
CO 
“vn 


b ee | 
vad yay at | SS 
= pron 
\O 
= 
ON pet 


Source 





Table of D; for ONE-SIDE 
and a Control for a 


PR SERRE © 48 OD EL ee ks CA 





a 


APPENDIX 


APPENDIX RF (DUNNETT TzsT) 


D Comparisons 


P = 95 and P = ,99 


St eee, 


tf = numbeo 





ee Te 


Error | 
iceman tenes 
: | | | 2 | 3 | 4 | 

5 “9S | 2°02 | 2-44 | 2°68 | 2-85 | 2 
. “99 | 3-37 | 3:90 | 4-21 | 4-43 | 4-60 
6 “9S | 1°94 | 2-34 | 2-56 | 2-71 | 2-83 
‘99 | 3-14 | 3-61 | 3°88 | 4-07 | 4-2] 
7 "95 | 1-89 | 2-27 | 2-48 | 2-62 | 2-73 
-99 | 3.00 | 3-42 | 3-66 | 3-83 | 3-96 
8 ‘95 | 1-86 | 2-22 | 2-42 | 2-55 | 9-66 
“99 | 2:90 | 3-29 | 3-51 | 3-67 | 3-79 
9 “9S | 1-83 | 2:18 | 2-37 | 2-50 | 2-60 
*99 | 2-82 | 3-19 | 3-40 | 3-55 | 3-66 
10 “95 | 1-81 | 2-15 | 2-34 | 2-47 | 2-56 
*99 | 2°76.) 3-147] 3-31 | 3-45 |' 3-56 
11 -95 | 1-80 | 2-13 | 2-31 | 2-44 2-53 
-99 | 2-72 | 3-06 | 3-25 | 3-38 | 3-48 
12 -95 | 1-78 | 2-11 | 2-29 | 2-41 | 2-50 
-99 | 2-68 | 3-01 | 3-19 | 3-32 | 3-42 
13 -95 | 1-77 | 2-09 | 2-27 | 2-39 | 2-48 
*99 | 2-65. | 2*97 | 3-15 |:3527 | 3-37 
14 -95 | 1-76 | 2-08 | 2-25 | 2-37 | 2-46 
“99 | 2-62 | 2-94 | 3-11 | 3-23 | 3-32 
15 -95 | 1-75 | 2-07 | 2-24 | 2-36 | 2-44 
-99 | 2-60 | 2-91 | 3-08 | 3-20 | 3-29 
16 -95 | 1:75 | 2-06 | 2°23 | 2-34 | 2-43 
3 -99 | 2-58 | 2°88 | 3-05 | 3-17 | 3-26 
17 -95 | 1-74 | 2-05 | 2-22 | 2-33 | 2-42 
-99 | 2-57 | 2°86 | 3-03 | 3-14 | 3-23 
18 -95 | 1-73 | 2:04 | 2-21 | 2-32 | 2-41 
-99 | 2-55 | 2°84 | 3-01 | 3-12 | 3-21 
19 -95 | 1-73 , 2:03 | 2-20 | 2-31 | 2-40 
-99 | 2-54 | 2-83 } 2-99 | 3-10 | 3-18 
20 -95 | 1-72 | 2-03 | 2-19 | 2°30 | 2-39 
-99 | 2-53 | 2-81 | 2-97 | 3-08 | 3-17 
24 - ‘95 | 1-71 | 2°01 | 2-17 | 2-28 | 2-36 
-99 | 2°49 | 2-77 | 2:92 | 3-03 | 3-11 
30 ‘95 | 1:70 | 1:99 | 2-15 | 2-25 | 2°33 
-O9 | 2:46 | 2:72 | 2°87 | 2°97 | 3-05 
AO ‘95 1°68 | 1-97 | 2-13 | 2°23 | 2-31 
‘99 2:42 | 2:68 | 2°82 | 2-92 | 2-99 
60 -O9 | 1-67 | 1:95 | 2-10 | 2-21 | 2-28 
-97 | 2-39 | 2-64 | 2°78 | 2-87 | 2-94 
120 -95 | 1°66 | 1°93 | 2°08 | 2°18 | 2°26 
| +99 | 2-36 | 2-60 | 2°73 | 2°82 | 2-89 
lave -95 | 1:64] 1°92 | 2:06 | 2°16 | 2:23 
‘99 | 2°33 | 2°56 | 2°68 | 2°77 | 2°84 
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Source: This table is reproduced from “A multiple comparison procedure for 
comparing several treatments with a control,” J. Am, Stat. Assn., 50: 1096-112] 
(1955), with permission from the publishers, 
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APPENDIX F—(Contd.) 
Table of D, for TWO-SIDED Comparisons Between p Treatment Mean 
and a Control for a Joint Confidence Cocfficient of : 
P= +95 and P = +99 | 
eee eae ene 
) if, 2] 3] 4] 5] 6 P 7 [els 
8 | g 
5 | +95 2:57 3-03 | 3-39 | 3-66 | 3-88 | 4-06 | 4-22 | 4-36 | 4-ac 
99 | 4-03 | 4°63 | 5°09 | 5°44 | 5-73 3.9) 618 6.3 phe 
6 £95 | 2-45 | 2-86 | 3°18 | 3°41 | 3-60 | 3-75 | 3-28 | 4-00 ie 
99 | 3-71 | 4:22 | 4°60 | 4°88 | 5-11 | 5-30 | 5-47 | 5-61 Pe 
7 "95 | 2-36 | 2-75 | 3-04 | 3-24 | 3-41 | 3-54 | 3-66 | 3-76 | 3-86 
ee Pears ape bed Pepe eee ape: 
: >. ; . 3°13 | 3-28 | 3-40 | 3- my . 
-99 | 3-36 | 3°77 | 4-06 | 4:27 | 4-44 | 4-58 270 181 4-90 
° 93 | 3.38 | 3.€3 | 3-90 | 4-09 | dez4 | 4-37 3-39 | 3-48 | 3-55 
vob BB | BS | 8] 382 | 499 fs | a7 | ss | 7 | 
‘. -99 | 3-17 | 3-53 | 3-78 | 3-95 | 4-10 | 4-21 |.4-31 | 4-40 | 4-47 
*95 | 2°20 | 2°53°| 2°76 | 2°92-1,3°05 | 3:45. | 3-24 1 3°31 |.3°38 
-_ -99 | 3-11 | 3-45 |-3-68 | 3-85 |3-98 | 4-09 | 4- 6 | 4. 
12 18 | 4-26 | 4-33 
2 -95 | 2-18 | 2-50 | 2-72 | 2-88 | 3-00 | 3-10 | 3-18 | 3-25 | 3-32 
- | +99 | 3-05 | 3-39 | 3-61 | 3-76 | 3-89 | 3-99 | 4-08 | 4-15 | 4-22 
| "95 | 2-16 | 2-48 | 2-69 | 2-84 12-96 | 3-06 | 3-14 | 3-21 | 3-27 
¥ | 99 | 3-01 | 3-33 | 3-54 | 3-69 | 3-81 | 3-91 | 5-99 | 4-06 | 4-13 
eee Era Reaeeea eae: 
: ‘29 | 3: 64 | 3-75 | 3-84 | 3-92 | 3- : 
oe aa 
:70 | 3-79 | 3-86 | 3-93 | 3- 
| Blew ae 128 ar am [ase | sot | dio | 2 
‘65 | 3-74 | 3-82 | 3- 
me Eee UPeare ape pepe: 
‘62 | 3-70 | 3-77 | 3-83 | 3- 
18 ag ho 2°40 | 2°59 | 2:73 | 2°84 | 2-92 oo ca ker 
- 2 2-88 3-17 | 3-35 | 3-48 | 3-58 | 3-67 | 3-74 | 3-80 | 3-85 
00 | 986 ey te e- 2-82 2:90 | 2:97 | 3-04 | 3-09 
20 -965 | 2-09 | 2-38] 2-57 ; 3°64’) 3-70 | 3:76 | 3-81 
, 2°70 | 2°81 | 2°89 | 2:96 | 3:02 
‘99 | 2-85 | 3-13 | 3-31 | 3°43 3 eae 
>A Bel aoe tous ea 3-53 | 3-61 | 3-67 | 3-73 | 3-78 
2°66. | 2:76 | 2°84 | 2-91 | 2: 
30 95 | 9-04 | 9639 3+36 | 3°45 | 3-52 | 3-58 | 3-64 | 3-69 
"32 | 2:50 | 2:62 | 2:72 | 2:79 | 2-86 | 2-91 | 2: 
46 r“ ot Ae 3:17 | 3:28 | 3-37 | 3:44 | 3-50 | 3:55 3159 
9 | oe | 3.22 | 2247 | 2:58 | 2°67 | 2-75 | 2-81 | 2-86 | 2-90 
60 95 | 5. 3:10 | 3-21 | 3-29 | 3-36 | 3-41 | 3-46 | 3:50 
5 | 2-00 | 2-27 | 2-43 3:46 | 3:5 
9 _ 2°55 | 2:63 | 2°70 | 2°76 | 2:81 | 2°85 
9 | 2-66 | 2-90 | 3-04 | 3-14 2+81 | 2°6 
120 95 | 1-98 | 2-24 | 2.40 3+22 | 3:28 | 3-33 | 3:38 | 3-42 
: 99 | 2-62 | 2:84 | 2.98 | Seon | 2.32 | 2796 | 2:71 | 2°76 | 2°88 
Co 95 | 1-96 | 2-21 | 2-37 ee ee 721 3:25 | 3-30 | 3-33 
-99 | 2-58 | 2. “AT | 2: +62 | 2°67 | 2:71 | 2-7 
| 88] 279 | 2192 | 3-01 | 3-08 | 3-14 | 3-18 | 3-22 | 3-25 


Source: This table i . % | 

able 1s reproduced 6 : 
(1955), wit several treatments with a decor ” 7 ultiple comparison procedure for 
se permission from the publishers. Am. Stat. Assn., 50; 1096-1121 
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APPENDIX G—(Contd.) 
TWO-DIGIT RANDOM NUMBERS 
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85 | &() 
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16 | 96 
05 | 14 
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TWO-DIGIT RANDOM NUMBRERS—(Contd.) 
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13 | 37! 00) 79! 68 | 96 | 26 | 60 | 70 | 39 | 83 | 66! 56 62 03! 55 
40 | 25 | 24 | 73 | 52) 93 | 70| 50 | 48 | 21 | 47) 74 63) 17/27) 27 
90°) 65 | 77 | 63 | 99 | 25 | 69 | 02 | 09 | 04/03 | 35 78 19) 79 | 95 
53. 09 48 | 86 | 28 | 30 | 02 | 35 | 71 | 30| 32| 06 47, 93 74) 21 
40 8097 9 47 | 59 | 97 | 56| 33 | 24 | 87 36/17/18] 16 
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58 | 91 | 63 16 | 91 | 21 | 32] 41 | 60 | 22| 66| 72 17) 31/85, 33 
00 97 | 26 | 62 | 03 | 89 | 26 | 32 | 35 | 27 | 99 | 18. 15 78} 12) 03 
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30 | 92 30 67| 48 | 57 | 10 | 25 | 18 | 64 | 82| 84 62, 74); 79, 92 
19 94, 91 , 92 | 05 | 12 | 07 | 23 | 02 | 41 | 46] 04 44, 31) 52) 43 
i0 | 70 | 49, 95 | 07 | 76 | 30 | 55 | 85 | 66 | 96 | 28 , 28 | 30 | 62) 38 
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Additive effects 95,99, 104, 161, 168 
Adjustment of treatmont means | 
389, 291. means 274, 
Analysis of Variance 91-136 
ANOVA 91 

assumptions in model 99 

basic hypothesis 112 

contrasts 119 

orthogonal and non-orthogonal 119 
example 96, 101, 106, 114. 

F-test 127 

interaction effect 107 


least significance difference 115 


linear model 94, 103, 111 

meaning 91 

multiple comparisons 131 

Scheffe’s S-method 131 

student f-test 135 

tests of significance 97, 103 

testing specific hypothesis 126 

Tukey’s test 117 
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two-way analysis with more than one 
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Arithmetic mean (see mean) 


_ Average 


deviation 17, 18, 
standard error 28, 33, 344. 
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Balancing 140, 320 
Basic principles of experimental designs 
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replication 13/, 139 
Best estimate 3 
Bias j 
Binomial distribution 42 
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Blocks 
block differences 225 
complete 147 
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size 225, 228 
Blocking 140, 168 
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Class interval 3, 6 
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Coefficient of determination 49 
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linear model 145 
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statistical analysis 142-143 
Confounded designs 
complete confounding 235 
complex designs 248 
construction 228, 245 
more than one effect in a replica- 
tion 243 
need for confounding 228, 248 
partial confounding 235 
schemes 229 
simple designs 225 
statistical analysis 231, 235, 236 
2" series 242 
mixed series 262 
use of: 
2° facotorial 229 
24 factorial, blocks of 8:units 234 
a factorial, blocks of 4 units, os 


24 
34 factorial, blocks of 9 units. 262 


4x2%xX2_ factorial, blocks of 8 


units 262 ts ee 
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Statistical analysis 188 
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tests of significance 193. 
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I 


Incomplete Block designs 322 
balanced lattice 3 
partially balanced lattices 323 
Inter-block information and intra- 
lock information 323 
Independent variable 2 
Inferential errors | 





INDEX a 493 


Interactions 107, 182, 184, 185 ) N 
Interaction effect 107 
Normal curve 39 










L aroa under 41 
i family of 39 | 
reo Suelo 168-18] aid io “ 
Vv 
disadvantages* 181. Normal distributions 36 
cfliciency 178 Null hypothesis 56 
linear model 175 : 
meine yee in 179 O 
plans 168,170 ,. . oT 
statistical “analysis of 170, 172, — Qratailand two taliests 6 
tests of specific Hypothesis in 174 contrasts 121, 128 
tests of significance 174 
treatment allocation 169-170 : 
ee pare 318-401 Pararmaiee. 2 
ol 5 epee ee Partial confounding 230, 242 
compile “balancing ~ 322 Partial information 242 
partially balanced lattices 323 Percentile 16 
‘= quadruplelattice 323, 366 Pc vat n 2 
a oy of inter-block information | Poss aan acral on a0 
| repetition of designs 327 ait Me frmap av 
| ha schematic able 338 i cae Sa aa 
| ea simple lattice 323, 325 Probability distribution 42 
) statistical - analysis 327, 350, 368, 7 
= 386 | so 
‘ = testa7el significance 339, 359, 380, Quartiles 16 
ig triple lattices 323,346 eon ger 
\ f= 2 pe viene 325 ) ae appt 16 
fem * Level of confidence 54 y 
‘Teg Level of factors 188 - Quadruple Lattice oa: -206 
a Level of significance 54 3 ee 7 ee: fi 
; selection 58 w <a 


Linear model 94, 103, 145, 15 Random sample 2 


Linear regression 50 - Randomisation | 137, 3 38 
local control 137, 139 | Randomised complete block 2 
lower quartile 16 | | advantages 166 
analysis 150, 151, 152 : : 
M block formation ~147, 148° : i 
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Mixed series 262 
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Relative efficiency 165 
Reliable estrmate 28 
Reliability cfsample mean 28 
Replication 137,139 

Root mean square deviation 20 
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Sample 2 
Sampling theorv 1 
Scheffe’s method 131 
Sequential analysis J] 
Simple effects 183, 227 
Simple experiment 182 
Simple lattice 323, 325 
Split plot designs 293-317 
ANOVA of 300, 312 
simple split plot design 294 
error components 295 
missing value 314 
plan 304 
Standard error 301, 313 
Statistical anzlysis 295-300 
test cf significance 297 
Split-split plot designs 303 
Statistical analysis 303-312 
Split bleck design 315 
ANOVA 317 
Split-split block design 316 
Spread 10 
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test 66, 135 

Test of significance of 1], "54-89, 239 
difference between two sample means 

60, 67 
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equality of two variances 7( , 
single sample means 56, 58, 64. 65 

Tetrachoric correlation 49 , 

Treatment allocation 149, 169, 23] 
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Tukey’s test 117, 196 
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Universe 2 
Univariate experiment 182 
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continuous 2 
dependent 2 
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independent 2 
Variance 29 
analysis (See Analysis of Variance) 
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